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(54) Magneto resistive element and magnetic memory device 



(57) A magnetoresistive element has a ferromag- 
netic double tunnel junction having a stacked structure 
of a first antiferromagnetic layer (1 1 )/a first ferromagnet- 
ic layer (12)/a first dielectric layer (13)/a second ferro- 
magnetic layer (1 4)/a second dielectric layer (1 5)/a third 
ferromagnetic layer (16)/a second antiferromagnetic 
layer (17). The second ferromagnetic layer (14) that is 
a free layer consists of a Co-based alloy or a three-lay- 
ered film of a Co-based alloy/a Ni-Fe alloy/a Co-based 
alloy. A tunnel current is flowed between the first ferro- 
magnetic layer (12) and the third ferromagnetic layer 
(16). 
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D script ion 

[0001] The present invention relates to a magnetoresistive element having ferromagnetic double tunnel junction, 
and. a magnetic memory device using the same. 

5 [0002] The magnetoresistance effect is a phenomenon that electrical resistance changes when a magnetic field is 
applied to a ferromagnetic material. As the magnetoresistive element (MR element) using the above effect has superior 
temperature stability within a wide temperature range: it has been used for a magnetic head and a magnetic sensor, 
and the like. Recently, a magnetic memory device (a magnetoresistive memory or a magnetic random access memory 
(MRAM)) has also been fabricated. The magnetoresistive element has been required to have high sensitivity to external 

10 magnetic field and quick response. 

[0003] In recent years, there has been found a magnetoresistive element having a sandwich film in which a dielectric 
layer is inserted between two ferromagnetic layers, and uses tunnel currents flowing perpendicularly to the film, so- 
called a ferromagnetic tunnel junction element (tunnel junction magnetoresistive element, TMR). The ferromagnetic 
tunnel junction element shows 20% or more of a change rate in magnetoresistance (J. Appl. Phys. 79, 4724 (1996)). 

^5 Therefore, there has been an increased possibility to apply the TMR to a magnetic head and a magnetoresistive mem- 
ory. However, there is a problem that the magnetoresistance (MR) change is considerably decreased in the ferromag- 
netic single tunnel junction element, when a voltage to be applied is increased to obtain required output voltage (Phys. 
Rev. Lett. 74. 3273 (1995)). 

[0004] There has been proposed a ferromagnetic single tunnel junction element having a structure in which an an- 
20 tiferromagnetic layer is provided in contact with one ferromagnetic layer for the ferromagnetic single tunnel junction to 
make the ferromagnetic layer to be a magnetization pinned layer (Jpn. Pat. Appln. KOKAI Publication No. 10-4227). 
However, such an element also has a similar problem that the MR change is considerably decreased when an applied 
voltage is increased to obtain required output voltage. 

[0005] On the other hand, there has been theoretically estimated that a magnetoresistive element having a ferro- 
magnetic double tunnel junction forming a stacked structure of Fe/Ge/Fe/Ge/Fe has an increased MR change owing 
to spin-polarized resonant tunnel effect (Phys. Rev. B56. 5484 (1 997)). However, the estimation is based on results at 
a low temperature (8K), and therefore the above phenomenon is not necessarily caused at room temperature. Note 
that the above element does not use. a dielectric such as AlgOg. SiOg, and AIN. Moreover, as the ferromagnetic double 
tunnel junction element of the above structure has no ferromagnetic layer pinned with an antiferromagnetic layer, there 
30 is a problem that the output is gradually decreased owing to rotation of a part of magnetic moments in a magnetization 
pinned layer by performing writing several times when it is used for MRAM and the like. 

[0006] In addition, there has been proposed a ferromagnetic multiple tunnel junction element comprising a dielectric 
layer in which magnetic particles are dispersed (Phys. Rev. B56 (10). R5747 (1997); Journal of Applied Magnetics, 23, 
4-2. (1999); and Appl. Phys. LeTT. 73 (19), 2829(1998)). It has been expected that the element may be applied toa 
magnetic head or a magnetoresistive memory, as 20% or more of an MR change has been realized. In particular, the 
ferromagnetic double tunnel junction element has an advantage that the reduction in the MR change can be made low 
even with increased applied voltage. However, as the element has no ferromagnetic layer pinned with an antiferro- 
magnetic layer, there is a problem that the output is gradually decreased owing to rotation of a part of magnetic moments 
in a magnetization pinned layer by performing writing several times when it is used for MRAM and the like. As a 
ferromagnetic double tunnel junction element using a ferromagnetic layer consisting of a continuous film (Appl. Phys. 
Lett. 73(19), 2829(1998)) has a ferromagnetic layer consisting of a single layer film of, for example, Co, NigoFego 
between dielectric layers, there are problems that a reversal magnetic field for reversing the magnetic moment may 
not be freely designed, and that coercive force of the ferromagnetic layer may be increased when the material such 
as Co is processed. 

[0007] For application of the ferromagnetic tunnel junction element to MRAM and the like, external magnetic fields 
are applied to a ferromagnetic layer (free layer, or a magnetic recording layer), magnetization of which is not pinned, 
by flowing current in a wire (bit line or word line) in order to reverse the magnetization of the magnetic recording layer. 
However, since increased magnetic fields (switching magnetic fields) are required for reversing the magnetization of 
the magnetic recording layer as memory cells become smaller, it is necessary to flow a high current in the wire for 
writing. Thus, power consumption is increased for writing as memory capacity of the MRAM is increased. For example, 
in an MRAM device with a high density of 1Gb or more, there may be caused a problem that the wires melt owing to 
increased current density for writing in the wires. 

[0008] As one solution for the above problem, an attempt is made to carry out magnetization reversal by injecting 
spin-polarized current (J. Mag. Mag. Mat., 159(1996) LI; and J. Mag. Mag. Mat.. 202(1999) 157). How ver, th method 
for performing magnetization r versal by injection of the spin current causes increase in current density in the TMR 
element, which leads to destruction of a tunnel insulator. Moreover, there have b en no proposals for an element 
structure suitable for spin injection, 

[0009] An object of the present invention is to provide a magnetoresistive element of a tunnel junction type and a 
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magnetic memory device in that reduction in the MRclnangecan be made low even when an applied voltage is increased 
to obtain required output voltage, that have no problem that an output is gradually decreased owing to rotation of a 
part of magnetic moments in the magnetization pinned layer by repeated writing, and in that an reversal magnetic field 
for reversing the magnetic moments in the ferromagnetic layer can be freely designed. 
5 [0010] Another object of the present invention is to provide a magnetoresistive element of a tunnel junction type and 
a magnetic memory device that can suppress increase in reversal magnetic field for reversing the magnetization of 
the magnetic recording layer accompanying scaling down of memory cells. 

[0011] Still another object of the present invention is to provide a magnetic memory device that has a structure 
suitable for spin injection and can control current density in a wire and a TMR element, and a method for writing 

10 information to the magnetic memory device. 

[0012] A first magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junction 
having a stacked structure of a first antiferromagnetic layer/a first ferromagnetic layer/a first dielectric layer/a second 
ferromagnetic layer/a second dielectric layer/a third ferromagnetic layer/a second antiferromagnetic layer; the second 
ferromagnetic layer consists of a Co-based alloy, or a three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based 

is alloy; and a tunnel current is flowed between the first ferromagnetic layer and the third ferromagnetic layer 

[001 3] A second magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junction 
having a stacked structure of a first ferromagnetic layer/a first dielectric layer/a second ferromagnetic layer/a first an- 
tiferromagnetic layer/a third ferromagnetic layer/a second dielectric layer/a fourth ferromagnetic layer; the first and 
fourth ferromagnetic layers consist of a Co-based alloy or a three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co- 

20 based alloy; and a tunnel current is flowed between the first ferromagnetic layer and the fourth ferromagnetic layer 
[0014] A third magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junction 
having a stacked structure of a first antiferromagnetic layer/a first ferromagnetic layer/a first dielectric layer/a second 
ferromagnetic layer/a second antiferromagnetic layer/a third ferromagnetic layer/a second dielectric layer/a fourth fer- 
romagnetic layer/a third antiferromagnetic layer; the first and fourth ferromagnetic layers or the second and third fer- 

25 romagnetic layers consist of a Co-based alloy or a three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based 
alloy; and a tunnel current being flowed between the first ferromagnetic layer and the fourth ferromagnetic layer. 
[0015] A fourth magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junction 
having a stacked structure of a first ferromagnetic layer/a first dielectric layer/a second ferromagnetic iayer/a first non- 
magnetic layer/a third ferromagnetic layer/a second nonmagnetic layer/a fourth ferromagnetic layer/a second dielectric 

30 layer/a fifth ferromagnetic layer; the second, third and fourth ferromagnetic layers adjacent to each other are antifer- 
romagnetically coupled through the nonmagnetic layers; the first and fifth ferromagnetic layers consist of a Co-based 
alloy or a three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based alloy; and a tunnel current is flowed between 
the first ferromagnetic layer and the fifth ferromagnetic layer. 

[(X)16] In the magnetoresistive elements of the present invention, the thickness of the Co-based alloy or the above 
35 three-layered film of the Co-based alloy/the Ni-Fe alloy/the Co-based alloy is preferably 1 to 5 nm. 

[0017] A magnetic memory device of the present invention comprises a transistor or a diode, and any one of the first 
to fourth magnetoresistive element. 

[0018] The magnetic memory device of the present invention comprises a transistor or a diode and the first or third 
magnetoresistive element, and at least the uppermost antiferromagnetic layer in the magnetoresistive element consti- 

40 tutes a part of a bit line. 

[0019] Another magnetic memory device of the present invention comprises a first magnetization pinned layer whose 
magnetization direction is pinned, a first dielectric layer, a magnetic recording layer whose magnetization direction is 
reversible, a second dielectric layer, and a second magnetization pinned layer whose magnetization direction is pinned; 
the magnetic recording layer comprises the three-layered film of a magnetic layer, a nonmagnetic layer and a magnetic 

45 layer two magnetic layers constituting the three-layered film being antiferromagnetically coupled; and magnetization 
directions of the magnetization pinned layers in regions in contact with the dielectric layer are substantially anti-parallel 
to each other. 

[0020] Stili another magnetic memory device of the present invention comprises, a first magnetization pinned layer 
whose magnetization direction is pinned, a first dielectric layer, a magnetic recording layer whose magnetization dr- 

50 rection is reversible, a second dielectric layer, and a second magnetization pinned layer whose magnetization direction 
is pinned; the magnetic recording layer comprising a three-layered film of a magnetic layer, a nonmagnetic layer and 
a magnetic layer, the two magnetic layers constituting the three-layered film being antiferromagnetically coupled; the 
second magnetization pinned layer comprising a three-layered film of a magnetic layer, a nonmagnetic layer and a 
magnetic lay r, the two magnetic layers constituting the thre -layeredfiimb ingantiferromagnetically coupled; a length 

55 of the first magnetization pinned layer b ing formed longer than those of the second magn tization pinned layer and 
the magnetic recording layer; and magnetization directions of the two magnetization pinned layers in regions in contact 
with the dielectric layer being substantially anti-parallel to each other. 

[0021] A method for writing information to the above magnetic memory devices comprises steps of: supplying the 
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magn tic recording lay r with a spin current through the first or second nnagnetization pinned layer; and flowing a 
current in a wire for writing so as to apply a current magnetic field to the magnetic recording layer 
[0022] Still another magnetoresistive element of the present invention comprises a ferromagnetic double tunnel junc- 
tion having a stacked structure of a first antiferromagnetic layer/a first ferromagnetic layer/a first tunnel insulator/a 

5 second ferromagnetic layer/a first nonmagnetic layer/a third ferromagnetic layer/a second nonmagnetic layer/a fourth 
ferromagnetic layer/a second tunnel insulator/a fifth ferromagnetic layer/a second antiferromagnetic layer; the second 
and third ferromagnetic layers are antiferromagnetically coupled through the first nonmagnetic layer; and the third and 
fourth ferromagnetic layers are antiferromagnetically coupled through the second nonmagnetic layer 
[0023] This summary of the invention does not necessarily describe all necessary features so that the invention may 

10 also be a sub-combination of these described features. 

[0024] The invention can be more fully understood from the following detailed description when taken in conjunction 
with the accompanying drawings, in which: 

FIG. 1 shows a sectional view of a basic structure of a first magnetoresistive element of the present invention; 
^5 FIG. 2 shows a sectional view of a basic structure of a second magnetoresistive element of the present invention; 

FIG. 3 shows a sectional view of a basic structure of a third magnetoresistive element of the present invention; 
FIG. 4 shows a sectional view of a basic structure of a fourth magnetoresistive element of the present invention; 
FIG. 5 shows a sectional view of a basic structure of another embodiment of the fourth magnetoresistive element 
of the present invention; 

20 FIG. 6 shows an equivalent circuit diagram of an MRAM combining MOS transistors and ferromagnetic double 

tunnel junction elements; 

FIG. 7 shows a sectional view of the \\AHAt\A in FIG. 6 in which a pinned layer of the ferromagnetic double tunnel 
junction element constitutes a part of a bit line; 

FIG. 8 shows an equivalent circuit diagram of an MRAfv/l combining diodes and ferromagnetic double tunnel junction 
25 elements; 

FIG. 9 shows a sectional view of the MRAM in FIG. 8 in which a pinned layer of the ferromagnetic double tunn I 
junction element constitutes a part of a bit line; 

FIG. 10 shows a sectional view of a ferromagnetic double tunnel-junction element used for another MRAM of th 
present invention; 

30 FIG. 11 shows a sectional view of a ferromagnetic double tunnel junction element used for still another MRAM of 

the present invention; 

FIG. 12 shows a sectional view of a ferromagnetic double tunnel junction element used for still another MRAM of 
the present invention; 

FIG. 1 3 shows a sectional view of an example of an MRAM according to the present invention; 
35 FIG. 14 shows a sectional view of another example of an MRAM according to the present invention; 

FIG. 15 shows a sectional view of another example of a magnetoresistive element according to the present inven- 
tion: 

FIG. 16 shows a sectional view of still another example of a magnetoresistive element according to the present 
invention; 

40 FIG. 17 shows a sectional view of still another example of a magnetoresistive element according to the present 

invention; 

FIG. 18 shows a perspective view of a magnetic head assembly provided with a magnetoresistive head comprising 
a tunnel junction magnetoresistive element according to the present invention; 

Fl G. 1 9 shows a perspective view of the interna! structure of a magnetic disk apparatus provided with the magnetic 
45 head assembly shown in FIG. 18; 

FIG. 20 shows a graph of magnetoresistive curves of the samples A and B in Embodiment 1; 

FIG. 21 shows a graph of applied voltage dependency of MR change for the samples A, B and C in Embodiment 1 ; 

FIG. 22 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 

the samples A, B and D in Embodiment 1 ; 
50 FIG. 23 shows a graph ot magnetoresistive curves of the samples A2 and 82 in Embodiment 2; 

Fl G. 24 shows a graph of applied voltage dependency of MR change for the samples A2, 82 and C2 in Embodiment 

2; 

FIG. 25 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 
the samples A2, 82 and D2 in Embodiment 2; 
55 FIG. 26 shows a graph of magn tor sistive curves of the samples A3 and 83 in Embodiment 3; 

FIG. 27 shows a graph of appli d voltag dependency of MRchang for the samples A3, 83 and C3in Embodiment 

3; 

FIG. 28 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 
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the samples A3. B3 and D3 in Embodiment 3; 

FIG. 29 shows a graph of magnetoresistive curves of the samples A4 and B4 in Embodim nt 4; 

FIG. 30 shows a graph of applied voltage dependency of MR change for the samples A4, B4 and C4 in Embodiment 

4; 

FIG. 31 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 
the samples A4, B4 and D4 In Embodiment 4; 

FIG. 32 shows a sectional view of a magnetoresistive element in Embodiment 5 in which a pinned layer constitutes 
a part of a bit line; 

FIG. 33 shows a graph of magnetoresistive curves of the samples A5 and B5 in Embodiment 5; 

FIG. 34 shows a graph of applied voltage dependency of MR change for the samples A5, B5 and C5 in Embodiment 

5; 

FIG. 35 shows a graph of relationships between reversal cycles of pulsed magnetic field and an output voltage for 
the samples A5, B5, D5 and E5 in Embodiment 5; 

FIG. 36 shows a graph of relationships between a junction width and an MR change for the samples T1, T2 and 
T3 in Embodiment 7; and 

FIG. 37 shows a graph of applied voltage dependency of MR change for the samples T1 , T2 and T3 in Embodiment 

7. 

[0025] Basic structures of magnetoresistive elements according to the present invention will be described hereinafter, 
referring to FIGS. 1 to 4. 

[0026] FIG. 1 shows a first magnetoresistive element of the present invention. The magnetoresistive element 10 
forms a ferromagnetic double tunnel junction having a stacked structure of a first antiferromagnetic layer 11 /a first 
ferromagnetic layer 12/a first dielectric layer 13/a second ferromagnetic layer 14/a second dielectric layer 15/a third 
ferromagnetic layer 16/a second antiferromagnetic layer 17. In the element, a tunnel current is flowed between the first 
ferromagnetic layer and the third ferromagnetic layer. In the element, the first and third ferromagnetic layers 12, 1 6 are 
a pinned layer (a magnetization pinned layer), and the second ferromagnetic layer 14 is a free layer (a magnetic 
recording layer in the case of an MRAM). In the first magnetoresistive element, the second ferromagnetic layer 14 that 
is a free layer consists of a Co-based alloy (for example, Co-Fe, Co-Fe-Ni, and the like) or a three-layered film of a 
Co-based alloy/a Ni-Fe alloy /a Co-based alloy 

[0027] FIG. 2 shows a second magnetoresistive element of the present invention. The magnetoresistive element 20 
forms a ferromagnetic double tunnel junction having a stacked structure of a first ferromagnetic layer 21 /a first dielectric 
layer 22/a second ferromagnetic layer 23/an antiferromagnetic layer 24/a third ferromagnetic layer 25/a secorid die- 
lectric layer 26/a fourth ferromagnetic layer 27. In the element, a tunnel current is flowed between the first ferromagnetic 
layer and the fourth ferromagnetic layer. In the element, the second and third ferromagnetic layers 23, 25 are a pinned 
layer and the first and fourth ferromagnetic layers 21, 27 are a free layer (a magnetic recording layer In the case of 
an MRAM). In the second magnetoresistive element, the first and fourth ferromagnetic layers 21, 27 that are, a free 
layer consist of a Co-based alloy (for example, Co-Fe, Co-Fe-Ni, and the like) or a three-layered film of a Co-based 
alloy/a Ni-Fe altoy/a Co-based alloy. 

[0028] FIG. 3 shows a third magnetoresistive element of the present invention. The magnetoresistive element 30 
forms a ferromagnetic double tunnel junction having a stacked structure of a first antiferromagnetic layer 31 /a first 
ferromagnetic layer 32/a first dielectric layer 33/a second ferromagnetic layer 34/a second antiferromagnetic layer 35/a 
third ferromagnetic layer 36/a second dielectric layer 37/a fourth ferromagnetic layer 38/a third antiferrimanetical layer 
39. In the element, a tunnel current is flowed between the first ferromagnetic layer and the fourth ferromagnetic layer 
In the element, when the second and third ferromagnetic layers 34, 36 are designed as a pinned layer, the first and 
fourth ferromagnetic layers 32, 38 are made to be a free layer (a magnetic recording layer in the case of an MRAM). 
On the other hand, when the first and fourth ferromagnetic layers 32, 38 are designed as a pinned layer, the second 
and third ferromagnetic layers 34, 36 are made to be a free layer (a magnetic recording layer, in the case of an MRAM). 
In the third magnetoresistive element, either a group of the first and fourth ferromagnetic layers 34, 36. or that of th 
second and third ferromagnetic layers 34, 36, each of which is used as a free layer, consists of a Co-based alloy (for 
example. Co-Fe, Co-Fe-Ni, and the like) or a three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based alloy, 
[0029] FIG. 4 shows a fourth magnetoresistive element of the present invention. The magnetoresistive element 40 
forms a ferromagnetic double tunnel junction having a stacked structure of a first ferromagnetic layer 41 /a first dielectric 
layer 42/a second ferromagnetic layer 43/a first nonmagnetic layer 44/a third ferromagnetic layer 45/a second non- 
magnetic layer 46/a fourth ferromagnetic lay r 47/a s cond dielectric lay r 48/a fifth ferromagnetic lay r 49. In the 
element, a tunnel current is flowed between th first ferromagnetic layer and the fifth ferromagn tic layer In addition, 
the second, third and fourth ferromagnetic layers 43, 45. 47 adjacent to each other ar antif rromagnetically coupled 
through nonmagnetic layers 44, 46. In the element, the second to fourth ferromagnetic layers 43. 45, 47 are a pinned 
layer and the first and fifth ferromagnetic layers 41, 49 ar a free layer (a magnetic recording layer in the case of an 
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MRAM). In the fourth magnetoresistive element, the first and fifth ferromagnetic layers 41. 49 that are a free layer 
consist of a Co-based alloy (for example. Co-Fe. Co-Fe-Ni. and the like) or a three-layered film of a Co-based alloy/a 
Ni-Fe alloy/a Co-based alloy. 

[0030] FIG. 5 shows a variation of the fourth magnetoresistive element. In the magnetoresistive element shown in 
FIG. 5, a structure In which an antiferromagnetic layer is inserted between the ferromagnetic layers, that is. a three- 
layered film of a ferromagnetic layer 45a/an antiferromagnetic layer 50/a ferromagnetic layer 45b is provided, instead 
of the third ferromagnetic layer 45 shown in FIG. 4. 

[0031] Note that, an antiferromagnetic layer may be provided in contact with at least one of the second and fourth 
ferromagnetic layers 43. 47 constituting the fourth magnetoresistive element. 

[0032] As the magnetoresistive elements according to the present invention having a ferromagnetic double tunnel 
junction comprises at least two dielectric layers, an effective voltage applied to one tunnel junction is low Therefore 
the elements have an advantage that their voltage dependency of MR change is not remarkable, that is. reduction in 
the MR change is made low even when an applied voltage is increased in order to obtain a required output voltage 
[0033] In the above four basic structures of the magnetoresistive element having a ferromagnetic double tunnel 
junction according to the present invention, spins in the magnetization pinned layer (a pinned layer) are pinned with 
the antiferromagnetic layer or the antiferromagnetic coupling. Therefore, it may be possible to prevent the problem 
that the output is gradually decreased owing to rotation of the magnetic moments in the magnetization pinned layer 
by repeated writing. 

[0034] In addition, the magnetoresistive elements use a Co-based alloy (Co-Fe and Co-Fe-Ni, and the like) or a 
three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based alloy, whose magnetostriction is low. for the free layer 
(magnetic recording layer). The free layers are the second ferromagnetic layer 14 in FIG. 1 , the first and fourth ferro- 
magnetic layers 21 and 27 in FIG. 2, either a group of the first and fourth ferromagnetic layers 32, 38 or a group of the 
second and third ferromagnetic layers 34, 36, and the first and the fifth ferromagnetic layer 41. 49 in FIGS. 4 and 5. 
Therefore, the reversal magnetic field is controlled to a low value, which enables to lower a current flowed in a wir to 
apply a current magnetic field. When the three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based alloy is used 
for the free layer, magnitude of the reversal magnetic field may be freely designed by control of the thickness ratio of 
each layer. 

[0035] In particular, in the nnagnetoresistive element having the structure shown in FIG. 3. the reversal magnetic field 
IS determined not by the magnetic coercive force of the magnetic material, but by the exchange magnetic field caused 
on the interface between a magnetic material/antiferromagnetic material. Advantageously, the exchange magnetic field 
may be freely designed by control of the type, thickness and alloy composition of the first and third antiferromagnetic 
layers 31, 39 and the second antiferromagnetic layer 35. Thus, the basic structure of FIG. 3 exhibits the most preferable 
characteristics among the above four basic structures. Moreover, the structure of FIG. 3 is especially effective in the 
case of where a processing size is lowered to sub-micron and a junction area is made very small. That is. in the case 
where a processing size is lowered to sub-micron. the writing magnetic field tends to be irregular due to process damage 
or influence of domains of the free layer (magnetic recording layer). Where an antiferromagnetic layer is provided in 
contact with the free layer (magnetic recording layer) as the structure shown in FIG. 3, it may be possible to prevent 
the irregularity of the writing magnetic field, as the writing magnetic field may be designed based on the exchange 
magnetic field. Therefore, the yield of the element may be remarkably improved. 

[0036] On the other hand, it is preferable to make the whole thickness of the element thin in order to improve process- 
ing accuracy in fine processing of the element of the present invention. In this point, it is preferable to adopt structures 
as shown m FIGS. 2, 4 and 5 which make it possible to reduce the number of the antiferromagnetic layers as much 
as possible. 

[0037] Then, materials for use in each layer of a magnetoresistive element of the present invention will be described 
^5 below. 

[0038] As mentioned above, a Co-based alloy (Co-Fe. CO-Fe-Ni, and the like) or a three-layered layer of a Co-based 
alloy/Ni-Fe alloy/a Co-based alloy is used for the free layer (magnetic recording layer). Further, a small amount of 
nonmagnetic elements such as Ag, Cu, Au. Al. Mg, Si, Bi, Ta. B, C, O, N, Si, Pd, Ft. Zr, Ir. W. Mo. and Nb may b 
added to the above alloys. The magnetoresistive element of the present invention may be applied to a magnetoresistive 
magnetic head, a magnetic memory device, a magnetic field sensor, and the like. In the above applications, it is pref- 
erable to provide uniaxial an i sot ropy to the free layer 

[0039] The thickness of the free layer may be preferably 0. 1 nm to 1 00 nm, more preferably 0.5 to 50 nm, and most 
preferably 1 to 5 nm. When the thickness of the free layer is less than 1 nm, there is a possibility that the free layer is 
not made into a continuous film, but is made into a so-called granular structure in which ferromagnetic particles ar 
dispersed in a dielectric layer. As a result, it becomes difficult to control the junction characteristics, and there is a 
possibility that the switching magnetic field becomes Irregular Moreover, there may be caus d a probi m that fin 
particles are made to be superparamagnetic at a room temperature which leads to extremely reduction in the MR 
change. On the other hand, when the thickness of the free layer exceeds 5 nm. the reversal magnetic field may exceed 
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100 Oe which requires to flow a high current in a wire in a case where, for example, the magnetoresistive element is 
applied to an MRAM designed by 0.25 rule. In addition, when the thickness of the free layer exceeds 5 nm, the 
MR change is reduced with increased bias voltage, that is. the so-called bias dependency becomes remarkable. If the 
thickness of the free layer is in a range of 1 to 5 nm, the increase of the reversal magnetic field and the bias dependency 
5 of the MR change, which may be caused by fine processing, can be controlled. Moreover, if the thickness of the free 
layer is in the above range, the processing accuracy also becomes excellent. 

[0040] Materials used for the pinned layer are not particularly limited, and Fe, Co, Ni or their alloys, a magnetite 
having high spin polarizability, an oxide such as CrOg and RXMnOa.y (where R represents an rare earth element, and 
X represents Ca. Ba or Sr), a Heusler alloy such as NiMnSb and PtMnSb, and the like may be used. The pinned layer 

10 is required to be so thick that it does not become superparamagnetic, and may be preferably 0.4 nm or more. Moreover, 
as long as the ferromagnetism is not lost, a small amount of nonmagnetic elements such as Ag, Cu, Au, Al, Mg, Si, 
Bi, Ta, B, C, O, N, Si, Pd, Pt. Zr, Ir, W, Mo and Nb may be added to the above magnetic materials. 
[0041] When the pinned layer is desired to be strongly pinned with the antiferromagnetic layer, a three-layered film 
of a ferromagnetic layer/a nonmagnetic layer/a ferromagnetic layer may be used as a pinned layer so that the two- 

15 layered ferromagnetic layers may be antiferromagnetically coupled through a nonmagnetic layer. Materials for the 
nonmagnetic layer are not particularly limited, and a metal such as Ru. Ir. Cr. Cu and Rh may be used. The antiferro- 
magnetic coupling can be caused between the magnetic layers by adjusting the thickness of the nonmagnetic layer 
The thickness of the nonmagnetic layer may be preferably 0.5 to 2.5 nm. Considering the thermal resistance and the 
strength of the antiferromagnetic coupling, the thickness of the nonmagnetic layer may be more preferably 0.7 to 1.5 

20 nm. Specifically, a three-layered film such as Co (or Co-Fe)/Ru/Co (or Co-Fe), and Co (or Co-Fe)/lr/Co (or Co-Fe) may 
be used. 

[0042] As materials for the antiferromagnetic layer, Fe-Mn, Pt-Mn, Pt-Cr-Mn, Ni-Mn, Ir-Mn. NiO, FegOa and the like 
may be used. 

[0043] As materials for the dielectric layer, AI2O3, SiOg, MgO, AIN, BigOa, MgFg, CaFg, SrTiOg AILaOg and the like 
2S may be used. The loss of oxygen, nitrogen or fluorine in the dielectric layer may be allowed. Although the thickness of 
the dielectric layer is not particularly limited, the dielectric layer is preferable made thin, and it may be preferably 10 
nm or less, and more preferably 5 nm or less. 

[0044] A substrate on which a magnetoresistive element of the present invention is formed is not particularly limited. 
Various types of substrate such as Si, SiOg, AlgOg. spinel and AIN may be used. In the present invention, the magne- 
to toresistive element may be stacked on the substrate with intervening an underlayer therebetween, and a protective 
layer may be provided on the magnetoresistive element. As materials for the underlayer and protective layer, Ta. Ti. 
W, Pt, Pd, Au, Ti/Pt, Ta/Pt, Ti/Pd. Ta/Pd or nitride such as TiNx may be preferably used. 

[0045] A magnetoresistive element according to the present invention may be fabricated by depositing each layer 
with usual deposition methods such as various types of spattering, vacuum evaporation and molecular beam epitaxy 
55 [0046] Next, a magnetic memory device (MRAM) using a magnetoresistive element of the present invention will be 
described below. The MRAM using the magneto-resistive element of the present invention may obtain an effect that 
a current flowing in a wire to apply the current magnetic field may be reduced even in both cases of non-destructive 
reading and destructive reading. 

[0047] As a specific constitution, there has been conceived a structure in which the ferromagnetic double tunnel 
40 junction element is stacked on a transistor, or a structure in which a diode and the ferromagnetic double tunnel junction 
are stacked. As described below, it is particularly preferable to apply the first or third ferromagnetic double tunnel 
junction element to the structures, and to use at least the uppermost anti -ferromagnetic magnetic layer as a part of a 
bit line. 

[0048] An MRAM having a structure in which, lor example, a first ferromagnetic double tunnel junction element (FIG. 

45 1) is stacked on a MOS transistor will be described below, referring to FIGS. 6 and 7. FIG. 6 shows a view of an 
equivalent circuit of an MRAM of 3 x 3 cells. FIG. 7 shows a sectional view of an MRAM in a single cell. 
[0049] As shown in the equivalent circuit diagram of FIG. 6, memory cells each comprising the transistor 60 and the 
ferromagnetic double tunnel junction element (TMR) 10 of FIG. 1 are arrayed in a matrix. The word line for reading 
(WL1) 62 constituted by the gate electrode of the transistor 60, and the word line for writing (WL2) 71 are parallel to 

50 each other. The bit line (BL) 74 connected to the other end (upper part) of the TMR 10 is arranged in perpendicular to 
the word line (WL1) 62 and the word line (WL2) 71. 

[0050] As shown in FIG. 7, the transistor 60 comprises the silicon substrate 61, the gate electrode 62, the source 
and drain regions 63, 64. The gate electrode 62 constitutes the word line for reading (WL1). The word line for writing 
(WL2) 71 is formed on the gate el ctrod 62 and an insulator. The contact metal 72 is connected to the drain region 
55 64 of the transistor 60, and the underlayer 73 is connected to th contact metal 72. The ferromagnetic double tunn I 
junction lement (TMR) 10 of FIG. 1 is provided on the und rlayer 73 at a position above the word line for writing (WL2) 
71 . That is, the following layers are stacked on the underlayer 73: an antiferromagnetic layer 11/a first ferromagnetic 
layer (pinned layer) 12/a first dielectric layer 13/a second ferromagnetic layer (free layer) 14/a second dielectric layer 
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15/a third ferromagnetic layers (pinned lay rs) 16a and 16b/a second ant ferromagnetic layer 17. In this embodiment, 
the pinned layer is constituted by the two layers 16a and 16b. The metal layer of the brt line (BL) 74 is formed on the 
second antiferromagnetic layer 17 of the TMR 10. 

[0051] The area of the second ferromagnetic layer 1 4 of a free layer is different from that of the upper antiferromag- 
netic layer 17 and the pinned layer 16b. The upper antiferromagnetic layer 17 and the pinned layer 16b form a part of 
the bit line 74. More specifically, the bit line 74 has a stacked structure of a pinned layer I6b/an antiferromagnetic layer 
1 7/a metalic layer. Note that, the bit line 74 may be constituted by the antiferromagnetic layer 1 7/the metal layer, without 
providing the pinned layer 16b having the same area as that of the antiferromagnetic layer 17 under the layer 17. 
[0052] In this structure, spins in the pinned layers 16b and 16a are more stably pinned with the antiferromagnetic 
layer 1 7 having a large area, and magnetic moments in the pinned layers 1 6b and 1 6a are not rotated even by repeated 
writing. Thus, reduction in output can be effectively prevented. 

[0053] Further, the structure above the free layer 14 of the TMR 10 Is formed by deposition and patterning of the 
free layer 1 4/the second dielectric layer 1 5Ahe pinned layer 1 6a. and those of the pinned layer 1 6bAhe antiferromagnetic 
layer 17Ahe metal layer. Conventionally, the structure above the free layer 14 of the TMR 10 has been formed by 
deposition and patterning of the free layer14Ahe second dielectric layer 15/the pinned layer 16aAhe antiferromagnetic 
layer 17. and those of the bit line metal layer Thus, when the structure shown in FIG. 7 Is adopted, as the patterning 
process of the comparatively thick antiferromagnetic layer 17 is separated to another process, it is possible to make 
the thickness of the films to be finely processed at one time thin, in the above former patterning. Therefore, it is possible 
to reduce process damage to the region of the ferromagnetic tunnel junction, and to improve processing accuracy 
[0054] An MRAM having a structure in which a diode and, for example, a first ferromagnetic double tunnel junction 
lement (FIG. 1) will be described below, referring to FIGS. 8 and 9. FIG. 8 shows a view of an equivalent circuit 
diagram of an MRAM of 3 x 3 cells. FIG. 9 shows a perspective view of the MRAM. 

[0055] As shown in the equivalent circuit diagram of FIG. 8. memory cells each having a stacked structure of a diode 
80 and TMR 10 are arrayed in a matrix. The stacked structure of the diode 80 and TMR 10 is iormed on the word line 
(WL) 91 such that the word line (WL) 91 is connected to one end of the diode 80. The bit line (BL) 92 arranged in 
perpendicular to the word line (WL) 91 is connected to the other end of the TMR 10. 

[0056] As shown in FIG. 9. the silicon diode 80 is formed on the metal layer of the word line (WL) 91, and the 
underlayer 81 is formed on the diode 80. A nitride film such as TlNx may be provided between the metal layer and the 
silicon diode to prevent atomic diffusion. The fen-omagnetic double tunnel junction element (TMR) 10 shown in FIG. 1 
is formed on the underlayer 81 That is. a first antiferromagnetic layer 11 /a first ferromagnetic layer (pinned layer) 1 2/a 
first dielectric layer 13/a second ferromagnetic layer (free layer) 14/a second dielectric layer 15/a third ferromagnetic 
layers (pinned layers) 16a and 16b/a second antiferromagnetic layer 17 are stacked on the underlayer 81 . In the above 
embodiment, the pinned layer is constituted by two layers 1 6a and 1 6b. The meta! layer of the bit line 92 is formed on 
the second antiferromagnetic layer 17 of the TMR 10. 

[0057] The MRAM having such a structure may have the similar effect to that described with respect to FIG. 7. That 
is, spins in the pinned layers 1 6b and 1 6a is more stably pinned by the antiferromagnetic layer 1 7 having a large area, 
and magnetic moments in the pinned layers 16b and 16a are not rotated even by repeated writing. Thus, reduction in 
output can be effectively prevented. In addition, as the patterning process of the comparatively thick antiferromagnetic 
layer 17 is separated to another process, it is possible to reduce process damage to the region of the ferromagnetic 
tunnel junction, and to improve processing accuracy. 

[0058] For application of the MRAM. a three-layered film of a ferromagnetic layer/a nonmagnetic layer/a ferromag- 
netic layer may be used for a free layer so that the ferromagnetic layers may be anti-f erromagnetically coupled through 
the nonmagnetic layer. In such a structure, as the magnetic flux is confined in the three-layered film, influence of the 
static magnetic field to the pinned layer is prevented when the magnetic moments in the free layer is reversed by 
current magnetic field, and also a leakage magnetic field from the recording layer can be lowered which makes it 
possible to reduce a switching magnetic field. Thus, it is possible to prevent the problem that the output Is gradually 
decreased owing to rotation of a part of the magnetic moments in the magnetization pinned layer by repeated writing. 
Preferably, a ferromagnetic layer in the structure of the ferromagnetic layerAhe nonmagnetic layer/the ferromagnetic 
layer which is closer to the word line for applying the current magnetic field, is made of a softer ferromagnetic material 
or made thicker When the two ferromagnetic layers forming the three-layered film are made to have a different thickn ss 
from each other, it is preferable to make the thickness difference within the range of 0.5 to 5 nm. 
[0059] Another MRAM according to the present invention will be described below. This MRAM comprises a ferro- 
magnetic double tunnel junction element having a first magnetization pinned layer with a pinned magnetization direc- 
tion, a first dielectric layer, a magnetic recording layer with a reversible magnetization direction, a second dielectric 
lay r and a second magnetization pinned lay r with a pinned magnetization dir ction. The magnetic recording layer 
comprises a thr e-layered film of a magnetic layer, a nonmagnetic layer and a magnetic layer, and the two magnetic 
layers constituting the three-layered film are antiferromagnetically coupled. Since the two magnetic layers are antifer- 
romagnetically coupled and the magnetic flux is confined in the magnetic recording layer, It may be possible to reduce 
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the switching magnetic field and the current density flowing in a wire. The nnagnetization directions in the regions of 
the two nnagnetization pinned layers in contact with the dielectric layers are substantially anti-parallel to each other 
Thus, it nnay be possible to select either an up-spin current and a down-spin current to be supplied to the magnetic 
recording layer by choosing a pinned layer for flowing a current to the magnetic recording layer from the two magnet- 
ization pinned layers. Therefore, the magnetization of the magnetic recording layer may be easily reversed by changing 
a direction for supplying the spin current, so that the current flowing in the TMR element may be reduced. Thus, the 
MRAM has a suitable structure to supply the spin current and the current magnetic field to the magnetic recording layer 
to control the current density flowing in the wire and the TMR element. 

[0060] The antiferromagnetically coupled magnetic recording layer forming the above ferromagnetic double tunnel 
junction element may be easily formed by alternately stacking ferromagnetic layers and nonmagnetic metal layers. 
Since the thinner the antiferromagnetically coupled magnetic recording layer is the easier fine processing may be 
possible, it is preferable for the magnetic recording layer to be made of a three-layered film of a ferromagnetic layer/ 
a nonmagnetic metal layer/a ferromagnetic layer. Moreover, a three-layered film of af erromagnetic layer/a soft magnetic 
layer/a ferromagnetic layer may be used as the ferromagnetic layer In particular, when a three-layered film in which 
a soft magnetic layer such as a Ni-Fe alloy is inserted between two Co^Fe^.x layers (where 0.5 ^ x < 1.0) is used for 
the ferromagnetic layer, switching magnetic field may be rennarkably made low. The reason is that the Ni-Fe alloy layer 
is tec (111) oriented, and then the Co^Fe-j.^ layer on this layer also is fee (ill) oriented, so that the switching magnetic 
field of the Co^Fe^.j^ layer itself is reduced and also total value of magnetization of the ferromagnetic layer is reduced. 
[0061] Therefore, examples of the antiferromagnetically coupled magnetic recording layer are: (a) a ferromagnetic 
layer/a nonmagnetic layer/a ferromagnetic layer, (b) (a ferromagnetic layer/a soft magnetic layer/a ferromagnetic layer) 
/a nonmagnetic layer/a ferromagnetic layer, (c) (a ferromagnetic layer/a soft magnetic layer/a ferromagnetic layer)/a 
nonmagnetic layer/(a ferromagnetic layer/a soft magnetic layer/a ferromagnetic layer). In this case, strength of antif- 
erromagnetic coupling is preferably as high as 0.01 erg/cm^ or more. The magnetization pinned layers may be antif- 
erromagnetically coupled by forming a stacked structure similar to that of the magnetic recording layer 
[0062] Examples of a ferromagnetic double tunnel junction element used for the MRAM will be deschbed below, 
referring to FIGS. 10 to 12. 

[0063] A ferromagnetic double tunnel junction element of FIG. 10 has a stacked structure of an underlayer 101 /a 
first antiterromagnetic layer 102/a first magnetization pinned layer 103/a first dielectric layer 104/a magnetic recording 
layer 105 comprising a three-layered film of a ferromagnetic layer 105a, a nonmagnetic layer 105b and a ferromagnetic 
layer 105c/a second dielectric layer 106/a second magnetization pinned layer 107/a second antiterromagnetic layer 
108/a protective layer 109. 

[0064] The ferromagnetic layer 105a and the ferromagnetic layer 105c of the magnetic recording layer 105 are an- 
tiferromagnetically coupled. The magnetization directions of the first magnetization pinned layer 103 in contact with 
the first dielectric layer 104, and the second magnetization pinned layer 107 in contact with the second dielectric layer 
106 are anti-parallel to each other 

[0065] A ferromagnetic double tunnel junction element of FIG. 11 has a stacked structure of an underlayer 111/a first 
antiterromagnetic layer 11 2/a first magnetization pinned layer 113/a first dielectric layer 114/a magnetic recording layer 
1 1 5 comprising a three-layered film of a ferromagnetic layer 1 1 5a, a nonmagnetic layer 1 1 5b and a ferromagnetic layer 
115c/a second dielectric layer 116/a second magnetization pinned layer 117 comprising a three-layered film of a fer- 
romagnetic layer 117a, a nonmagnetic layer 117b and a ferromagnetic layer 117c/a second antiterromagnetic layer 
1 1 8/a protective layer 119. 

[0066] The ferromagnetic layer 115a and the ferromagnetic layer 11 5c of the magnetic recording layer 115 are anti- 
ferromagnetically coupled- The ferromagnetic layer 1 1 7a and the ferromagnetic layer 1 1 7c of the second magnetization 
pinned layer 117 are anti-ferromagnetically coupled. The magnetization directions of the first magnetization pinned 
layer 1 1 3 in contact with the first dielectric layer 114, and the ferromagnetic layer 1 1 7a forming the second magnetization 
pinned layer 117 in contact with the second dielectric layer 116 are anti-parallel to each other 

[0067] In the above case, the length of the first magnetization pinned layer 113 may be preferably formed longer 
than those of the second magnetization pinned layer 117 and the magnetic recording layer 115 so as to form a part of 
a wire. In such a structure, the magnetic flux is confined in the second magnetization pinned layer 117 and the magnetic 
recording layer 115. and a leakage magnetic flux from the first magnetization pinned layer 11 3 formed longer has little 
influence, so that influence of stray field on the magnetic recording layer is reduced. 

[0068] A ferromagnetic double tunnel junction element of FIG. 12 has a stacked structure of an underlayer 121/a 
first antiterromagnetic layer 122/a first magnetization pinned layer 123 comprising a three-layered film of a ferromag- 
netic layer 123a, a nonmagnetic lay r 123b and a ferromagnetic layer 123c/a first diel ctric layer 124/a magnetic 
recording layer 125 comprising a three-layered film of a f rromagnetic layer 125a, a nonmagnetic layer 125b and a 
ferromagnetic layer 125c/a second dielectric layer 126/a second magnetization pinned layer 127 comprising a five- 
layered film of a ferromagnetic layer 127a, a nonmagnetic layer 127b. a ferromagnetic layer 127c, nonmagnetic layer 
127d and a ferromagnetic layer 127e/a second antiferromagn tic layer 128/a protective layer 1 29. 
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[0069] The ferromagnetic layer 125a and the ferronnagn tic layer 125c of the nnagn tic recording layer 125 ar an- 
tiferronnagnetically coupled. The ferromagnetic layer 123a and the ferromagnetic layer 123c of the first magnetization 
pinned layer 123 are anti-ferromagnetically coupled. The ferromagnetic layer 127a. a ferromagnetic layer 127c. and a 
ferromagnetic layer 127e of the second magnetization pinned layer 127 are antiferromagnetlcally coupled. The mag- 

5 netization directions of the ferromagnetic layer 123c forming the first magnetization pinned layer 123 in contact with 
the first dielectric layer 114. and the ferromagnetic layer 127a forming the second magnetization pinned layer 127 in 
contact with the second dielectric layer 126 are anti-parallel to each other. Also in this case, the length of the first 
magnetization pinned layer 123 may be preferably formed longer than those of the second magnetization pinned layer 
117 and the nnagnetic recording layer 115. 

10 [0070] FIG. 1 3 is a sectional view of the MRAM using the ferromagnetic double tunnel junction element of FIG. 11 . 
A trench is formed in a SiOg insulator on a Si substrate 151, and a word line 152 comprising metal embedded in the 
trench is formed. A SiOg insulator is formed on the word line 152, on which metal wire 153 and a ferromagnetic double 
tunnel junction element (TMR element) are formed. As shown in FIG. 11 , the TMR element has a stacked structure of 
an underlayer 111/a first antlferromagnetic layer 112/a first magnetization pinned layer 113/a dielectric layer 114/a 

is magnetic recording layer 115 comprising a three-layered film of a ferromagnetic layer 1 15a, a nonmagnetic layer 115b 
and a ferromagnetic layer 115c/a second dielectric layer 116/a second magnetization pinned layer 117 comprising a 
three-layered film of a ferromagnetic layer 11 7a. a nonmagnetic layer 117b and a ferromagnetic layer 117c/a second 
antlferromagnetic layer 118/a protective layer 119. The TMR element is processed so as to have a predetermined 
junction area, and has a deposited interlayer insulation film at its periphery. A bit line 154 connected to the protective 

20 layer 119 of the TMR element is formed on the interlayer insulation film. 

[0071] In this MRAM. a current magnet field is applied (for example, to a hard axis direction) to the magnetic recording 
layer 115 by flowing a current in the word line 152, and also a down-spin current is injected from the bit line 154 through 
layers to the magnetic recording layer 115 or an up-spin current is injected from the metal wire 153 through layers to 
the magnetic recording layer 115, thereby performing writing by reversing the magnetization direction of the magnetic 

25 recording layer 115. Thus, the writing by the injection of the spin current and the application of the current magnetic 
field to the magnetic recording layer 115 may cause reduction in the spin current flowing in the TMR element and in 
the current density flowing in the wire (word line). Therefore, even in an MRAM wtth a capacity of 1Gb or more, it may 
be possible to control the wire melting or the destruction of the tunnel barrier layer (dielectric layer) of the TMR element 
and to improve reliability. 

30 [0072] In the MRAM of FIG. 13. the current flowing in the bit line 154 functions to apply a current magnetic field to 
the magnetic recording layer 115 in a different direction (for example, to an easy axis direction) from that of the word 
line 152. In order to increase the current magnetic field in this direction, to improve the controllability, and to reduce 
the spin current injected into the magnetic recording layer 115, the second word line 166 may be provided on the bit 
line 154 so as to extend in parallel with the bit line 154 with intervening the insulator layer 155 therebetween, as shown 

35 in FIG. 14. In the MRAM of FIG. 14, the reversal of the magnetization of the magnetic recording layer 115 may be 
repeated by a lower current, using the change in the direction of the current flowing in the TMR element and in the 
second word line 1 56 together. 

[0073] FIG, 1 5 is a sectional view of another magnetoresistive element according to the present invention. The mag- 
netoresistive element shown in FIG. 15 comprises a ferromagnetic double tunnel junction element having a stacked 
40 structure of a first antlferromagnetic layer 161, a first ferromagnetic layer 162, a first tunnel insulator 163, a second 
ferromagnetic layer 164, a first nonmagnetic layer 165, a third ferromagnetic layer 166, a second nonmagnetic layer 
167, a fourth ferromagnetic layer 168, a second tunnel insulator 169, a fifth ferromagnetic layer 170, and a second 
antlferromagnetic layer 171 . 

[0074] A magnetic recording layer 172 comprises the second ferromagnetic layer 164, the first nonmagnetic layer 
45 165, the third ferromagnetic layer 166, the second nonmagnetic layer 167 and the fourth ferromagnetic layer 168, 
sandwiched between the first tunnel insulator 163 and the second tunnel insulator 169. The second and third ferro- 
magnetic layers 164 and 166 are antiferromagnetically coupled through the first nonmagnetic layer 165, and their 
magnetization directions are kept anti-parallel to each other. Similarly, the third and fourth ferromagnetic layers 166 
and 168 are antiferromagnetically coupled through the second nonmagnetic layer 167, and their magnetization direc- 
50 tions are kept anti-parallel to each other. 

[0075] The first ferromagnetic layer 162 is exchange-coupled with the first antlferromagnetic layer 161 , and has the 
pinned magnetization in the direction of the arrows shown in the drawing. Similarly, the fifth ferromagnetic layer 170 
is exchange-coupled with the second antlferromagnetic layer 171, and has the pinned magnetization in the same 
magnetization direction as that of the first ferromagnetic layer 162. 
55 [0076] In the magnetoresistive element, the magnetization rotation is performed in the direction of th ext rnal mag- 
netic field, with ke ping the antlferromagnetic coupling among the second to fourth ferromagnetic layer 164, 166, 168, 
when an xternal magnetic field is applied in a pr determined direction. On the other hand, the first ferromagnetic layer 
162 and the fifth ferromagnetic layer 170 are pinned by exchange-coupling with the first and second antlferromagnetic 
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layer 1 61 . 1 TV so that they do not cause magnetization rotation in the external nnagnetic field allowing the nnagnetization 
rotation of the second to fourth ferronnagnetic layer 164, 166, 168. Thus, logic "1 " or logic "0" nnay be recorded on the 
second to fourth lerronnagnetic layers 164, 166. 168. 

[0077] At this time, there is no increased diamagnetic field in a scaled-down element, since the magnetic flux is 

5 confined between the second and third ferromagnetic layers 164 and 166 antiferromagnetically coupled through the 
first nonmagnetic layer 165, and the magnetic flux is confined between the third and fourth ferromagnetic layers 166 
and 168 antiferromagnetically coupled through the second nonmagnetic layer 167. Therefore, the reversal magnetic 
field Hsw required for the magnetization reversal, hardly depending on the size of the memory cells, is determined by 
the magnetic coercive force He of the second to fourth ferromagnetic layers 164, 166 and 168. That is, there may be 

10 high energy conservation effect, since lower He may cause lower Hsw. Assuming that the uniaxial anisotropy is Ku. 
and the magnetization intensity is M, the magnetic coercive force He may be ideally given as Hc=2Ku/M. Thus, use of 
a material with the low uniaxial anisotropy may realize the object. Moreover, there may be obtained an advantage that 
the recording bits are stable to the disturbing magnetic field, since the magnetic flux is confined in the antiferromag- 
netically coupled second to fourth ferromagnetic layer 164. 166 and 168. 

IS [0078] In the magnetoresistive element of FIG. 15, since three ferromagnetic layers are included in the magnetic 
recording layer 1 72, the second and fourth ferromagnetic layers 1 64 and 1 68 of the magnetic recording layer 1 72 have 
the same magnetization direction. In this case, the first ferromagnetic layer (magnetization pinned layer) 162 opposing 
to the second ferromagnetic layer 164 through the first tunnel insulator 163, and the fifth ferromagnetic layer (magnet- 
ization pinned layer) 170 opposing to the fourth ferromagnetic layer 168 through the second tunnel insulator 169, also, 

20 have the same magnetization direction. Thus, there may be more options for selection of the antiferromagnetic mate- 
rials, since it suffices to merely use the same material as the first and second antiferromagnetic layers 161 and 171 
and to make the magnetization directions of the first ferromagnetic layer 162 and that of the fifth ferromagnetic layer 
170 to be identical. 

[0079] It may be preferable that the magnetization value M3.of the third ferromagnetic layer 166 is equal to the total 
2S magnetization value M(2+4) of the nnagnetization value M2 of the second ferromagnetic layer 164 and the magnetization 
value M4 of the fourth ferromagnetic layer 168 in order to effectively confine the magnetic flux in the second to^fourth 
ferromagnetic layers 164, 166 and 168. However, since magnetization rotation of the recording layer becomes difficult 
when M3 is equal to M(2+4), it may be preferable that the above magnetization values are slightly different from each 
other. 

30 [0080] For example, when the second to fourth ferromagnetic layers are made of the same material, the thickness 
T3 of the third ferromagnetic layer 166 is made to be different from the total thickness T(2+4) of the second and fourth 
ferromagnetic layers 164 and 168. In this case, it may be preferable that the absolute value of the difference between 
T3 and T(2+4) is within a range from 0.5 nm to 5 nm. 

[0081] It may be possible that the value of M3 is different from that of M(2+4) by using different materials for the 

35 second to fourth ferromagnetic layers 164, 166 and 168. 

[0082] Moreover, it may be also possible that the value of M3 is different from that of M(2+4) by providing other 
ferromagnetic layer in. contact with the second to fourth ferromagnetic layer 164, 166 and 168 which are antiferromag- 
netically coupled. A magnetoresistive element of FIG, 16 has a structure in which the ferromagnetic layer 168b is 
provided in contact with the fourth ferromagnetic layer 168 among the second to fourth ferromagnetic layers 164, 166 

40 and 168 which are antiferromagnetically coupled through the first and second nonmagnetic layers 164 and 167. In this 
case, if a soft magnetic material such as permalloy, Fe, Go-Fe alloy and Go-Fe-Ni alloy is used as ferromagnetic layer 
168b, it may be preferably possible to perform the magnetization rotation at a low magnetic field. 
[0083] In the present invention, a magnetic layered film in which the two ferromagnetic layers 162a and 162c are 
antiferromagnetically coupled through the non-magnetic layer 162b may be used as the first ferromagnetic layer (mag- 

45 netization pinned layer) 162, and a magnetic layered film in which the two ferromagnetic layers 170a and 170c are 
antiferromagnetically coupled through the non-magnetic layer 1 70b may be used as the fifth f en-omagnetic layer (mag- 
netization pinned layer) 170. In such a structure, the magnetizations of the first and fifth ferromagnetic layers 162 and 
170 are more stably and firmly pinned. In addition, since a leakage magnetic field from the first and fifth ferromagnetic 
layers 162 and 170 becomes low. there may be controlled magnetic effects on the magnetic recording layer 172, so 

50 that recording stability is increased. 

[0084] When memory cells each having the above magnetoresistive element and a transistor are arrayed, the MRAM 
shown in FIG. 6 may be formed. When memory cells each having the above magnetoresistive element and a diode 
are arrayed, the MRAM shown in FIG. 8 may be formed. 

[0085] Half m tal such as NiMnSb and CoaMnG may be used for th material of the second to fourth ferromagnetic 
55 layers 164, 166 and 168, other than Co, Fe, Co-Fe alloy. Co-Ni alloy. Co-Fe-Ni alloy, and the lik . A higher magne- 
toresistive effect may be obtained by the use of the half metal, since th half metal has an energy gap in a half of the 
spin bands, so that a higher reproduction output may be obtained. 

[0086] Mor over, it may b preferable that the second to fourth ferromagnetic layers 164. 166 and 168 have weak 
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uniaxial anisotropy in an in-plane direction. The uniaxial anisotropy which is too strong causes high magn tic coercive 
force of each ferromagnetic layer to cause unfavorable switching magnetic field. The Intensity of the uniaxial anisotropy 
may be 10^ erg/cm^ or less, preferably. 10^ erg/cm^ or less. The thickness of each ferromagnetic layer may be 1 to 
10 nm. 

[0087] Various kinds of metal such as Cu, Au. Ag. Cr. Ru. Ir, A! and their alloys may be used as materials for the first 
and second nonmagnetic layers 165 and 167 existing between the second to fourth ferromagnetic layers 164. 166 and 
168, and causing antiferromagnetic coupling. In particular, Cu. Ru. and Ir may be preferable, since strong antiferro- 
magnetic coupling may be obtained even with a thin thickness. The preferable range of the thickness of the nonmaqnetic 
layers may be 0.5 to 2 nm. 

[0088] As mentioned above. AlgOa, NiO, silicon oxide, MgO. and the like may be used as materials for the tunnel 
insulator. The preferable range of the thickness of the tunnel insulator may be 0.5 to 3 nm. As mentioned above, FeMn. 
IrMn. PtMn and the like may be used for the antiferromagnetic layers. 

[0089] Then, a magnetoresistive head using the magnetoresistive element of the present inventbn will be described. 
[0090] FIG. 18 is a perspective view of a magnetoresistive head assembly provided with a magnetoresistive head 
having a ferromagnetic double tunnel junction element according to the present invention. An actuator arm 201 . being 
provided with a hole to fix it to a fixed axis in the magnetic disk apparatus, comprises a bobbin part holding a driving 
coil (not shown). A suspension 202 is fixed to one end of the actuator arm 201 . A head slider 203 provided with the 
magnetoresistive head having ferromagnetic double tunnel junction element in each form mentioned above is installed 
at the tip of the suspension 202. Moreover, a lead wire 204 for reading and writing of signals is wired to the suspension 
202; one end of the lead wire 204 is connected to each electrode of the magnetoresistive head installed in the head 
slider 203; and the other end of the lead wire 204 is connected to an electrode pad 205. 

[0091] FIG. 1 9 is a perspective view of the internal structure of a magnetic disk apparatus provided with the magn tic 
head assembly shown in FIG. 18. A magnetic disk 211 is fixed to a spindle 212. and rotated by a motor (not shown) 
in response to control signals from a driving control part (not shown). The actuator arm 201 of FIG. 18 is fixed to a 
fixed axis 21 3. and supports the suspension 202 and the head slider 203 at the tip of the suspension. When the magnetic 
disk 211 IS rotated, the air-bearing surface of the had slider 203 opposing to the disk is kept in a glided state from the 
surface of the disk 211 by a predetermined flying height to perform recording and reproducing of information A voic 
coil motor 214. a kind of a linear motor, is installed at the proximal end of the actuator arm 201 . The voice coil motor 
21 4 IS constituted by a driving coil (not shown) wound up around the bobbin part of the actuator arm 201 , and a magnetic 
circuit having a permanent magnet arranged opposing to and surrounding the coil and a yoke. The actuator arm 201 
is supported by ball bearings (not shown) provided at two positions o1 the upper and lower ends of the fixed axis 213, 
and can perform sliding motion by the action of the voice coil motor 214. 

[0092] The first, second and fourth ferromagnetic double tunnel junction elements (FIGS. 1, 2 and 4) may be pref- 
erably used, and the first ferromagnetic double tunnel junction element may be more preferably used for application 
of the magnetoresistive head. Moreover, the spins of the adjoining pinned layer and free layers are preferably perpen- 
dicular to each other by deposition or heat treatment in the magnetic field for use of the magnetoresistive head. A linear 
response may be obtained for the leakage magnetic field from the magnetic disk with the above structure to have 
applications to any type of head structures. 



40 EMBODIMENTS 

[0093] The embodiments of the present invention will be described hereinafter 
Embodiment 1 



[0094] An embodiment, where two kinds of ferromagnetic double tunnel junction elements (sample A and B) with 
the structure shown in FIG. 1 were formed on a Si/SiOg substrate or SiOg substrate, will be described below. 
[0095] The sample A has a structure sequentially stacked with a TaN underlayer, a first antiferromagnetic layer of a 
two-Iayered film of Fe-Mn/Ni-Mn, a first ferromagnetic layer of CoFe, a first dielectric layer of AI2O3, a second ferro- 
magnetic layer of CogFe, a second dielectric layer of AI2O3, a third ferromagnetic layer of GoFe. a second antiferro- 
magnetic layer of a two-layered film of Ni-Fe/Fe-Mn, and a protective layer of Ta. 

[0096] The sample B has a structure sequentially stacked with a TaN underlayer, a first antiferromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of Co-Fe, a first dielectric layer of AI2O3. a second ferromagnetic layer of a three- 
layered film of CoFe/Ni-Fe/CoFe, a second dielectric layer of AI2O3, a third ferromagnetic layer of CoFe, a second 
antiferromagnetic layer of Ir-Mn, and a prot ctive lay r of Ta. 

[0097] The sample A was made as follows. The substrate was put into a sputtering apparatus. After setting the initial 
pressure at 1X10-7 jorr, Ar was introduced into the apparatus and the pressure was set at a predetermined value 
Then, layers of Ta (5 nm)/Fe54Mn46 (20 nm)/Ni8Fe2 (5 nm)/GoFe (3 nm)/Al203 (1.7 nm)/Co9Fe (3 nmj/AlgOa (2 nm)/ 
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CoFe (3 nmyNisFeg (5 nm)/Fe54Mn4g (20 nm)fXa (5 nm) were sequentially stacked on the substrate. Here, the AI2O3 
layer was formed by depositing Al using an Al target in pure Ar gas. by introducing oxygen into the apparatus without 
breaking the vacuunne, and then by exposing it to the plasnna oxygen. 

[0098] After deposition of the above stacked film, a first resist pattern defining a tower wire shape with a width of 1 00 
s ^nn was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milting. 

[0099] Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CogFe /AI2O3 /CoFe /Ni-Fe /Fe-Mn /Ta 
above the first AI2O3 layer were processed by ion milling. The AI2O3 layer with a thickness of 300 nm was deposited 
10 by electron beam evaporation, while leaving the second resist pattern, and then the second resist pattern and the AI2O3 
layer on the above pattern were lifted off, thereby an interlayer insulation film was formed in regions except the junction 
region. 

[01 00] Then , after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse-spattered and cleaned. After Al was deposited allover the surface, the third resist pattern and the A! on 
IS the pattern were lifted off, thereby the Al electrode wire was formed. Then, after introduction into a heat-treating furnace 
in the magnetic tield.-the uniaxial anisotropy was introduced to the pinned layer. 

[0101] The sample Bwas made as follows. The substrate was put into a sputtering apparatus. After setting the initial 
pressure at 1 x 10""^ Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined value. 
Then, layers of Ta (5 nmyiraaMnyg (20 nm)/CoFe (3 nm)/Al203 (1 .5 nm)/CoFe (1 nmyNigFeg (t nm, t=1 , 2, or 3 nm)/ 
20 CoFe (1 nmyAlgOg (1.8 nm)/CoFe (3 nm)/lr22Mn78 (20 nm)/Ta (5 nm) were sequentially stacked on the substrate. Here, 
the AI2O3 layer was formed in a similar manner to the above method, 

[01 02] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 1 00 
l_im was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milting. Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
25 on the uppermost Ta protective layer by photolithography, and the layers of CoFe /NiBFe2 /CoFe /AI2O3 /CoFe /lr22Mn78 
/Ta above the first AI2O3 layer were processed by ion milling. Then, in a similar manner to the above, the formation of 
the AI2O3 interlayer insulation film, and that of the Al electrode wire, and the introduction of the uniaxial anisotropy to 
the pinned layer were performed. 

[0103] For comparison, samples C and D described in the following were made. 
30 [0104] The sample C is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta /Ir-Mn 
/CoFe /AI2O3 /CoFe /Ni-Fe /Ta. 

[0105] The sample D is a ferromagnetic double tunnel junction element without an antiferromagnetic layer, and has 
a stacked structure of Ta (5 nm)/CoPt (20 nmVAIsOa (1.5 nm)/CoFe (1 nmyNlgFeg (3 nm)/CoFe (1 nm)/Al203 (1 .8 nm) 
/CoPt (20 nm)/Ta (5 nm). 

35 [0106] The magnetoresistive curves of the samples A and B are shown In FIG. 20. For the sample A, 27% of an MR 
change was obtained by a low magnetic field of 25 Oe. For the sample B, it is understood that the reversal magnetic 
field may be controlled by changing the thickness ratio between the Ni8Fe2 and CoFe layers in the free layer (magnetic 
recording layer). That is, when the thickness of the Ni8Fe2 layer is 1 nm, 2 nm and 3 nm, the resistance is largely 
changed by a low magnetic field of 16 Oe, 36 Oe, and 52 Oe, respectively, to obtain a high MR change of 26% or more. 

40 [0107] FIG. 21 shows applied voltage dependency of the MR change for the samples A, B and C. Here, the MR 
change normalized by the value at OV is shown in the drawing. The drawing exhibits that the samples A and B have 
a higher voltage of which the MR change is reduced to half, and a lower reduction in the MR change with 

increased voltage, compared to the sample C. 

[0108] Next, the samples A, B and D were put in a solenoid coil, and fatigue tests of the magnetization pinned layer 
45 jn a magnetically recorded state were conducted in a pulse magnetic field of 70 Oe. FIG. 22 shows the relationships 
between the reversal cycles and the output voltage of the putse magnetic field for the sample A, B and D. In the drawing, 
the output voltage is nomnalized by an initial output voltage value. As clearly shown in the drawing, the output voltage 
is remarkably reduced with increase in the reversal cycles of the pulse magnetic field, in the case of the sample D. On 
the other hand, there is found no fatigue in the magnetization pinned layer in a magnetically recorded state in the case 
50 of the samples A and 8. 

[0109] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
in FIG. 1 shows suitable characteristics for applications to a magnetic memory device and a magnetic head. 
[0110] When SiOg, AIN, MgO, LaAt03, or CaFg was used for the dielectric layer, the similar tendency to the above 
was found. 

55 

Embodiment 2 

[0111] An embodiment, where two kinds of ferromagn tic double tunnel junction elements (sample A2. and B2) with 
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the structure shown in FIG. 2 were formed on a Si/SiOa substrat or S\0^ substrate, will be described below. 
[0112] The sample A2 has a structure s qu ntiaily stacked with a TaN underlayer. a first ferromagnetic layer of a 
two-layered film of Ni-Fe/CoFe. a first dielectric layer of AI2O3, a second ferromagnetic layer of CoFe. an antif erromag- 
netic layer of Ir-Mn. a third ferromagnetic layer of CoFe. a second dielectric layer of AI2O3. a fourth ferromagnetic layer 
of a two-layered film of CoFe/Ni-Fe, and a protective layer of Ta. 

[0113] The sample B2 has a structure sequentially stacked with a TaN underlayer, a first ferromagnetic layer of a 
three-layered film of Ni-Fe/Ru/CoFe. a first dielectric layer of AI2O3. a second ferromagnetic layer of a two-layered film 
of CoFe/Ni-Fe. a first antif erromagnetic layer of Fe-Mn. a third ferromagnetic layer of a two-stacked film of Ni-Fe/CoFe 
a second dielectric layer of AI2O3. a fourth ferromagnetic layer of CoFe/Ru/Ni-Fe, and a protective layer of Ta. 
[0114] The sample A2 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1X10-7 Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (3 nmVNig.Feig (t nm. t=3. 5. or 8 nm)/CoFe (1 nmyAlgOa (1.2 nm)/CoFe (1 nmyirggMnye 
(17 nmVCoFe (1 nm)/Al203 (1.6 nm)/CoFe (1 nmyNigiFeig (t nm. t=3. 5. or 8 nm)/Ta (5 nm) were sequentially stacked 
on the substrate. Here, the AI2O3 layer was formed by depositing Al using an Al target in pure Ar gas. by introducing 
oxygen into the apparatus without breaking the vacuume. and then by exposing it to the plasma oxygen. 
[0115] After deposition of the above stacked film, a first resist paUern defining a lower wire shape with a width of 100 
^m was formed on the uppermost Ta protective layer by photolithography and the above film was processed by ion 
milling. 

[01 1 6] Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography and the layers of CoFe /Ir-Mn /CoFe /AlaOa /CoFe /Ni-Fe 
/Ta above the first AI2O3 layer were processed. The AI2O3 layer with a thickness of 300 nm was deposited by electron 
beam evaporation, while leaving the second resist pattern, and then the second resist pattern and the AI2O3 layer on 
the above pattern were lifted off, thereby an interlayer insulation film was formed in regions except the junction region. 
[0117] Then, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse-spattered and cleaned. After Al was deposited allover the surface, the third resist pattern and the Al on 
the pattern were lifted off. thereby the Al electrode wire was formed. Then, after introduction into a heat-treating fumace 
in the magnetic field, the uniaxial anisotropy was introduced to the pinned layer. 

[0118] The sample B2 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1 x 10-7 Torr. Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (2 nm)/NieiFe,9 (6 nm)/Ru (0.7 nmyCo^Feg (3 nmyAlgOa (1 5 nmyCoFe (1 nmyNieiFe'ig (1 
nmyFes4Mn46 (20 nmyNisiFe.g (1 nmyCoFe (1 nmyAlgOa (1-7 nmyCo4Fe6 (3 nmyRu (0.7 nmyNigiFeig (6 nm)/Ta 
(5 nm) were sequentially stacked on the substrate. Here, the AI2O3 layer was formed in a similar manner to the above 
method. 

[0119] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 100 
^im was formed on the uppermost Ta protective layer by photolithography and the above film was processed by Ion 
milling. Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Nqi Fe, 9 /Fe54Mn46 /NIgi Fe^g /CoFe 
/AlgOa /Co4Fe6 /Ru /Ng^Feig /Ta above the first AI2O3 layer were processed by ion milling. Then, In a similar manner 
to the above, the formation of the AI2O3 interlayer insulation film, and that of the Al electrode wire, and the introduction 
of the uniaxial anisotropy to the pinned layer were performed. 
[0120] For comparison, samples C2 and D2 described In the following were made. 

[0121] The sample C2 is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta (3 nmy 

NisiFeiQ (5 nm)/CoFe (1 nm)/Al203 (1.2 nm)/CoFe (1 nm)/lr22Mn78 (17 nm)/CoFe (1 nm)/Ta (5 nm). 

[01 22] The sample D2 is a ferromagnetic double tunnel junction element without an antif erromagnetic layer and has 

a stacked structure of Ta (3 nmyNigiFeig (5 nm)/CoFe (1 nm)/Al203 (1.2 nm)/CoFe (1 nm)/Al203 (1.6 nm)/CoFe (1 

nm)/Ni8iFei9(5nm)/Ta(5nm). 

[01 23] The magnetoresistive cun/es of the samples /V2 and B2 are shown in FIG. 23. For the sample A2, it is under- 
stood that the reversal magnetic field may be controlled by changing the thickness ratio between the NigFea and CoFe 
layers in the free layer (magnetic recording layer). That Is, when the thickness of the NigFea layer Is 3 nm, 5 nm and 
8 nm, the resistance is largely changed by a low magnetic field of 15 Oe, 26 Oe and 38 Oe, respectively, to obtain a 
high MR change of 26% or more. In the case of the sample B2, the MR change of 26% is obtained by a low magnetic 
field of 39 Oe. 

[0124] FIG. 24 shows applied voltage dependency of the MR change for the samples A2. B2 and C2. Here, the MR 
change normalized by the value at OV Is shown in the drawing. The drawing xhibits that the samples A2 and 82 hav 
a higher voltage of V^^ at which the MR change is reduced to half, and a lower reduction in the MR change with 
incr ased voltage, compar d to the sample C2. 

[0125] Next, the samples A2. B2 and D2 were put in a solenoid coil, and fatigue tests of the magnetization pinned 
layer in a magnetically recorded state were conducted in a pulse magnetic field of 70 Oe. FIG. 25 shows relationships 
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between the reversal cycles and the output voltage of the pulse magnetic field for the sample A2. B2 and D2. As clearly 
shown in the drawing, the output voltage is remarkably reduced with increase in the reversal cycles of the pulse mag- 
netic field, in the case of the sample D2. On the other hand, there is found no fatigue in the magnetization pinned layer 
in a magnetically recorded state in the case of the samples A2 and B2. Moreover, in comparison between the samples 
5 A2 and B2. there is found less fatigue in the sample B2 using an antiferromagnetically coupled three-layered structure 
of Co4Fe6/Ru/NieiFe^9 for the free layer. 

[0126] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
in FIG. 2 shows suitable characteristics for applications to a magnetic memory device and a magnetic head. 
[0127] When SiOa, AIN. MgO. LaAlOa, or CaFg was used for the dielectric layer, the similar tendency to the above 
10 was found. 

Embodiment 3 

[0128] An embodiment, where two kinds of ferromagnetic double tunnel junction elements (sample A3, and B3) with 

is the structure shown in FIG. 3 were formed on a Si/Si02 substrate or SiOg substrate, will be described below. 

[0129] The sample A3 has a structure sequentially stacked with a TaN underlayer, a first antiterromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of Co-Fe, a first dielectric layer of AI2O3, a second ferromagnetic layer ot Co-Fe-Ni. 
a second antiterromagnetic layer of Fe-Mn, a third ferromagnetic layer of Co-Fe-Ni, a second dielectric layer of AI2O3, 
a fourth ferromagnetic layer of Co-Fe, an third antiterromagnetic layer ot Ir-Mn, and a protective layer of Ta. 

20 [0130] The sample B3 has a structure sequentially stacked with a TaN underlayer, a first antiterromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of a three-layered film of Co-Fe/Ru/Co-Fe, a first dielectric layer of AI2O3, a second 
ferromagnetic layer of a two-layered film of CoFe/Ni-Fe, a second antiterromagnetic layer of Fe-Mn, a third ferromag- 
netic layer of a two-layered film of Ni-Fe/GoFe, a second dielectric layer of AI2O3, a fourth ferromagnetic layer of a 
three-layered film of Co-Fe/Ru/Coi-Fe, a third antiferromagnetic layer of Ir-Mn, and a protective layer of Ta. 

25 [0131] The sample A3 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1x10-7 jorr. Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nmyirgsMnyg (18 nm)/CoFe (2 nmyAlgOg (1.7 nm)/Co5Fe,Ni4 (2 nm)/Fe^Mni (17 nm)/ 
Co5FeiNi4 (2 nm)/Al203 (2 nm)/CoFe (2 nm)/ir22Mn78 (18 nm)/Ta (5 nm) were sequentially stacked on the substrate. 
Here, the AI2O3 layer was formed by depositing Al using an Al target in pure Ar gas, by introducing oxygen into the 

30 apparatus without breaking the vacuume, and then by exposing it to the plasma oxygen. 

[01 32] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 1 00 
[am was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. 

[01 33] Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
35 on the uppermost Ta protective layer by photolithography, and the layers of CogFe^ Ni4 /Fe^ Mn^ /CoFeNi4 /AI2O3 /CoFe 
/lr22Mn78 /Ta above the first AI203 layer were processed by ion milling. The AI2O3 layer with a thickness of 350 nm 
was deposited by electron beam evaporation, while leaving the second resist pattern, and then the second resist pattern 
and the AI2O3 layer on the above pattern were lifted off, thereby an interlayer insulation film was formed in regions 
except the junction region. 

40 [01 34] Then, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse-spattered and cleaned. After Al was deposited allover the surface, the third resist pattern and the Al on 
the pattern were lifted off. thereby the Al electrode wire was formed. Then, after introduction into a heat-treating furnace 
in the magnetic field, the uniaxial anisotropy was introduced to the pinned layer 

[0135] The sample B3 was made as follows. The substrate was put into a sputtering apparatus. After setting th 
45 initial pressure at 1 x IQ-'^ Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (3 nm)/tr-Mn (14 nm)/Co-Fe (1.5 nm)/Ru (0.7 nm)/Co-Fe (1.5 nm)/Al203 (1.7 nm)/CoFe (1 
nm)/Ni8-,Fei9 (2 nm)/Fe45Mn55 (19 nmyNieiFeig (2 nm)/CoFe (1 nm)/Al203 (2.1 nmyCOgFe (2 nm)/Ru (0.8 nmyCOgFe 
(2 nm)/lr-Mn (14 nm)/Ta (5 nm) were sequentially slacked on the substrate. Here, the AI2O3 layer was formed in a 
similar manner to the above method. 
50 [01 36] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 1 00 
l^m was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Ni8iFeig/Fe45Mn55 /NigiFe^g/CoFe 
/AI2O3 /CogFe /Ru /COgFe /I r-Mn /Ta above the first AI2O3 layer were processed by ion milling. Then, in a similar manner 
55 to the above, the formation of the AI2O3 interlayer insulation film, and that of the Al electrode wire, and the introduction 
of the uniaxial anisotropy to the pinned layer were performed. 

[0137] For comparison, samples C3 and D3 described in the following were made. 

[0138] The sample C3 is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta (3 nm)/ 
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Ir-Mn (14 nm)/Co-Fe (1 .5 nm)/Ru (0.7 nm)/Co-FE (1 .5 nm)lk\^0^ (1 .7 nm)/CoFe (1 nmyNio.Fe.o (2 nm)/Fe.cMn^^ (19 
nm)/Ta (5 nm), oi / 5b \ 

[01 39] The sample D3 is a ferromagnetic double tunnel junction element without an antiferromagnetic layer and has 
a stacked structure of Ta (5 nmyCogPta (15 nm)/CoFe (2 nm)/Al203 (1 .7 nmyCosFei Ni4 (2 nrnVAI^Oo (2 nm)/CoFe (2 
nmyCogRa (15 nm)yTa (5 nm). 

[0140] The magnetoreslstive curves of the samples A3 and B3 are shown in FIG. 26. The sample A3 has 26% of an 
MR change by a low magnetic field of 57 Oe. and the sample B3 has 27% of an MR change by a low magnetic field 
of 63 Oe. 

[0141] FIG. 27 shows applied voltage dependency of the MR change for the samples A3. B3 and C3 Here the MR 
change normalized by the value at OV Is shown in the drawing. The drawing exhibits that the samples A3 and 83 have 
a higher voltage of at which the MR change is reduced to half, and a lower reduction in the MR change with 
increased voltage, compared to the sample C3. 

[01 42] Next, the samples A3, B3 and D3 were put in a solenoid coil, and fatigue tests of the magnetization pinned 
layer in a magnetically recorded state were conducted in a pulse magnetic field of 75 Oe. FIG. 28 shows relationships 
between the reversal cycles and the output voltage of the pulse magnetic field for the samples A3. B3 and D3 Here 
The output voltage is nomialized with the initial output voltage. As clearly shown in the drawing, the output voltage is 
remarkably reduced with increase in the reversal cycles of the pulse magnetic field, in the case of the sample D3 On 
the other hand, there is found no fatigue in the magnetization pinned layer in a magnetically recorded state In the case 
of the samples A3 and B3. Moreover, in comparison between the sample A3 and B3, there is found less fatigue in the 
sample B3 using an antiferromagnetically coupled three-layered structure of CogFe/Ru/CogFe for the free layer. 
[0143] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
in FIG. 3 shows suitable characteristics for applications to a magnetic memory device and a magnetic head 
[01 44] When SiOg. AIN, MgO. LaAIOg. or Caf^ was used for the dielectric layer, the similar tendency to the above 
was found. 

Embodiment 4 

[0145] An embodiment, where two kinds of ferromagnetic double tunnel junction elements (sample A4, and 84) with 
the structure shown in FIG. 4, or 5 were formed on a Si/SiOj substrate or SiOg substrate, will be described below 
[0146] The sample A4 has a structure sequentially stacked with a TaN underlayer, a first antiferromagnetic layer of 
a two-layered film of Ni-Fe/Co-Fe. a first dielectric layer of AI2O3, a second ferromagnetic layer of Co-Fe. a first non- 
magnetic layer of Ru. a third ferromagnetic layer of Co-Fe, a second nonmagnetic layer of Ru. a fourth ferromagnetic 
layer of Co-Fe. a second dielectric layer of AI2O3, a fifth ferromagnetic layer of a two-layered film of Co-Fe/Ni-Fe and 
a protective layer of Ta. 

[0147] The sample B4 has a structure sequentially stacked with a TaN underlayer. a first ferromagnetic layer of a 
two-layered film of Ni-Fe/Co-Fe, a first dielectric layer of AI2O3, a second ferromagnetic layer of Co-Fe. a first nonmag- 
netic layer of Ru, a Co-Fe ferromagnetic layer/an Ir-Mn antiferromagnetic layer/a Co-Fe ferromagnetic layer a second 
nonmagnetic layer of Ru. a fourth ferromagnetic layer of Co-Fe, a second dielectric layer of AUOg, a fifth ferromagnetic 
layer of a two-layered film of CoFe/Ni-Fe. and a protective layer of Ta. 

[0148] The sample A4 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1 x lO"? Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nm)IHx^,Fe,^ (16 nm)/Co4Fe6 (3 nmVAIgOa (1.7 nm)/CoFe (2 nm)/Ru (0.7 nm)/CoFe (2 
nm)/Ru (0.7 nm)/CoFe (2 nmj/AlaOa (2 nm)/Co4Fe6 (3 nmyNigiFeig (16 nm)/Ta (5 nm) were sequentially stacked on 
the substrate. Here, the AI2O3 layer was formed by depositing Al using an Al target in pure Ar gas, by introducing 
oxygen into the apparatus without breaking the vacuume. and then by exposing it to the plasma oxygen. 
[01 49] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 1 00 
^m was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. ' 

[01 50] N ext. after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Ru /CoFe /Ru /CoFe /AlgOg /Go4Fe6 
/NieiFG,9 /Ta above the first M^O^ layer were processed by ion milling. The AlgOg layer with a thickness of 300 nm 
was deposited by electron beam evaporation, while leaving the second resist pattem, and then the second resist pattern 
and the AlgOg layer on the above pattern were lifted off. thereby an interlayer insulation film was formed in regions 
except the junction region. 

[0151] Th n.afterformingthe third resist pattem covering regions xcept the region of the lectrodewir .thesurtace 
was reverse-spattered and cleaned. After Al was deposit d allover the surface, th third resist pattem and the Al on 
the pattern were lifted off, thereby the Al electrode wire was fomned. Then, after introduction into a heat-treating furnace 
in the magnetic field, the uniaxial anisotropy was introduced to the pinned layer. 
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[0152] The sample B4 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1 X 10"'^ Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nmVNigi Feig (15 nmyCogFe (2 nmyAlsOg (1 .5 nmyCoFe (1 .5 nm)/Ru (0.7 nmyCoFe (1 .5 
nm)/lr-Mn (14 nm)/CoFe (1.5 nm)/Ru (0.7 nm)/CoFe (1.5 nmVAIsOg (2 nmVCogFe (2 nm)/NieiFei9 (15 nm)Aa(5 nm) 

5 were sequentially stacked on the substrate. Here, the AI2O3 layer was formed in a similar manner to the above method. 
[01 53] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 1 00 
|im was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. Next, after removal of the first resist pattern, a second resist pattern defining a junction dimensions was formed 
on the uppermost Ta protective layer by photolithography, and the layers of CoFe /Ru /CoFe /Ir-Mn /Cofe /Ru /CoFe / 

10 AI2O3 /CogFe /Nigi Fe^Q /Ta above the first AI2O3 layer were processed by ion milling. Then, in a similar manner to the 
above, the formation of the AlgOg interlayer insulation film, and that of the At electrode wire, and the introduction of the 
uniaxial anisotropy to the pinned layer were performed. 

[0154] For comparison, samples C4 and D4 described in the following were made. 

[0155] The sample C4 is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta (5 nm)/ 
15 NigiFeiQ (16 nm)/Co4Fe6 (3 nmyAlgOa (1.7 nm)/CoFe (2 nm)/Ru (0.7 nm)/CoFe (2 nm)/Ru (0.7 nm)/CoFe (2 nm)/Ta 
(5 nm). 

[01 56] The sample D4 is a ferromagnetic double tunnel junction element without an antiferromagnetic layer, and has 
a stacked structure of Ta (5 nm)/Ni8iFei9 (16 nm)/Co4Fe6 (3 nm)/Al203 (1.7 nm)/CoFe (6 nm)/Al203 (2 nm)/Co4Fe6 
(3 nm)/Ni8iFe^9 (16 nm)/Ta (5 nm). 
20 [0157] The magneloreststive curves of the samples A4 and B4 are shown in FIG. 29. The sample A4 has 28% of an 
MR change by a low magnetic field of 33 Oe, and the sample B4 has 26% of an MR change by a low magnetic field 
ofieOe. 

[0158] FIG. 30 shows applied voltage dependency of the MR change for the samples A4: B4 and C4. Here, the MR 
change normalized by the value at OV is shown in the drawing. The drawing exhibits that the samples A4 and 84 have 
25 a higher voltage of V-j/g at which the MR change is reduced to half, and a lower reduction in the MR change with 
increased voltage, compared to the sample C4. 

[0159] Next, the samples A4, 84 and D4 were put in a solenoid coil, and fatigue tests of the magnetization pinned 
layer in a magnetically recorded state were conducted in a pulse magnetic field of 40 Oe. FIG. 31 shows relationships 
between the reversal cycles and the output voltage of the pulse magnetic field for the samples A4, 84 and D4. Here, 

30 the output voltage is normalized with the initial output voltage. As clearly shown in the drawing, the output voltage is 
remarkably reduced with increase in the reversal cycles of the pulse magnetic field, in the case of the sample D4. On 
the other hand, there is found no fatigue in the magnetization pinned layer in a magnetically recorded state in the case 
of the samples A4 arid 84. Moreover, in comparison between the samples A4 and 84. there is found less fatigue in 
the sample 84 using a seven-layered structure of CoFe/le/CoFe/lr-Mn/CoFe/lr/CoFe in which an antiferromagnetic 

35 layer is inserted into a magnetization pinned layers. 

[0160] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
in FIG. 4. shows suitable characteristics for applications to a magnetic menrrary device and a magnetic head. 
[0161] When SiOa, AIN. MgO, LaAlOa, or CaFg was used for the dielectric layer, the similar tendency to the above 
was found. 

40 

Embodiment 5 

[0162] An embodiment, where a ferromagnetic double tunnel junction elements (samples A5 and 85) with the struc- 
ture shown in FIG. 32 was made on a Si/Si02 substrate or Si02 substrate, considering the MRMA of FIG. 7 or FIG. 9, 

45 will be described below. 

[0163] The sample A5 has a structure sequentially stacked with a TaN underlayer, a first antiferromagnetic layer of 
Fe-Mn, a first ferromagnetic layer of a two-layered film of Ni-Fe/Co-Fe, a first dielectric layer of AI2O3, a second ferro- 
magnetic layer of Cog-Fe, a second dielectric layer of AI2O3, a third ferromagnetic layer of Co-Fe, a bit line (a third 
ferromagnetic layer of Ni-Fe, a second antiferromagnetic layer of Fe-Mn, a metal layer of Al). 

so [0164] The sample 85 has a structure sequentially stacked with a TaN underlayen a first antiferromagnetic layer of 
Ir-Mn, a first ferromagnetic layer of Co-Fe, a first dielectric layer of AI2O3, a second ferromagnetic layer of a three- 
layered film of Co-Fe/Ni-Fe/Go-Fe, a second dielectric layer of AI2O3, a third ferromagnetic layer of Co-Fe. a bit line 
(a third ferromagnetic layer of Co, a second antiferromagnetic layer of Ir-Mn, a metal layer of Al). 
[0165] As shown in FIG. 32. both of the samples A5 and 85 have a larger area of the second antiferromagnetic layer 

55 than that of the junction area. 

[0166] The sample AS was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1 x 10"^ Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nm)/Fe54Mn4e (18 nm)/Ni8Fe2 (5 nm)/CoF (2 nm)/At203 (1 .7 nm)/Co9Fe (3 nm)/Al203 (2 
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nm)/CoFe (2 nm)/Ta (5 nm) were sequentially stacked on the substrate. Here, th AI2O3 layer was formed by depositing 
Al using an A! target in pure Ar gas, by introducing oxyg n into the apparatus without breaking the vacuunne, and then 
by exposing it to the plasma oxygen. 

[01 67] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 50 
s iim was formed on the uppermost Ta layer by photolithography, and the above film was processed by ion milling. 

[0168] Next, after removal of the first resist pattern, a electron beam (EB) resist was applied to the uppermost Ta 
layer and fine processing of each layer above the AI2O3 layer was performed, using an EB lithography apparatus, to 
make ferromagnetic tunnel junction element with a junction area of 1 X 1 iim^. 0.5 x 0.5 jim^ or 0.15 x 0.15 ^im^. The 
AI2O3 layer with a thickness of 300 nm was deposited by electron beam evaporation, while leaving the EB resist pattern, 
10 and then the EB resist pattern and the AI2O3 layer on the above pattern were lifted off, thereby an interlayer insulation 
film was formed in regions except the junction region. 

[01 69] Then, after forming the third resist pattern covering regions except the region of the electrode wire, the surface 
was reverse-spattered and cleaned. Further, the Ta layer was removed. Then, NigFeg (5 nm)/Fe54Mn46 (18 nm)/AI (5 
nm) were sequentially stacked as the electrode wire of the bit line. The third resist pattern and the electrode wire on 
^5 the pattern were lifted off. Then, after introduction into a heat-treating furnace in the magnetic field, the uniaxial ani- 
sotropy was introduced to the pinned layer. 

[0170] The sample B5 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
initial pressure at 1 x lO'^ Torr. Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (S.nmj/lrg^Mnyg (18 nm)/CoFe (3 nm)/Al203 (1.5 nm)/CoFe (1 nm)/NiaFe2 (3 nm)/CoFe (1 
nm)/Al203 (1 .8 nm)/CoFe (3 nm)/Ta (5 nm) were sequentially slacked on the substrate. Here, the AI2O3 layer was 
formed in a similar manner to the above method. 

[01 71] After deposition of the above stacked film, a first resist pattern defining a lower wire shape with a width of 50 
|im was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion 
milling. 

[0172] Next, after removal of the first resist pattern, an electron beam (EB) resist was applied to the uppermost Ta 
layer and fine processing of each layer above the AI2O3 layer was performed, using an EB lithography apparatus, to 
make ferromagnetic tunnel junction element with a junction area of 1 x 1 jim^, 0.5 X 0.5 fim^ or 0.15 X 0.15 lam^. Th 
AI2O3 layer with a thickness of 300 nm was deposited by electron beam evaporation, while leaving the second resist 
pattern, and the EB resist pattern and the AI2O3 layer on the above pattern were lifted off. Then, after forming the third 
30 resist pattern covering regions except the region of the electrode wire, the surface was reverse-spattered and cleaned. 
Further the Ta layer was removed. Then. Co/lr22Mn78 (18 nm)/AI (5 nm) Ml (5 nm) were sequentially stacked as the 
electrode wire of the bit line. The third resist pattern and the electrode wire on the pattern were lifted off. Then, after 
introduction into a heat-treating furnace in the magnetic field, the uniaxial anisotropy was introduced to the pinned layer 
[0173] For comparison, samples C5, D5 and E5 described in the following were made. 
35 [0174] The sample C5 is a ferromagnetic single tunnel junction element, and has a stacked structure of Ta (5 nm)/ 
IrggMnyg (18 nm)/CoFe (3 nm)/Al203 (1.5 nm)/CoFe (1 nm)/Ni8Fe2 (3 nm)/CoFe (1 nm)/Ta (5 nm). 
[0175] The sample D5 has the similar stacked structure to that of the sample 85, that is a structure sequentially 
stacked with Ta ((5 nm)/lr22Mn78 (18 nm)/CoFe (3 nm)/Al203 (1 .5 nm)/CoFe (1 nm)/Ni8Fe2 (3 nm)/CoFe (1 nm)/Al203 
(1.8 nm)/CoFe (3 nm)/lr22Mn78 (18 nm)/Ta (5 nm). However the structure is different from that of FIG. 32, that is. it is 
40 processed so that the upper second antiferromagnetic layer of IrMn (and the Ta protective layer) has the same area 
as that of the junction area. In addition, the bit lines comprise only an Al layer 

[01 76] The sample E5 is a ferromagnetic double tunnel junction element without an antiferromagnetic layer and has 
a stacked structure of Ta (5 nm)/CoFePt (13 nm)/Al203 (1 .5 nm)/CoFe (1 nm)/Ni18FE2 (2 nm)/CoFe (1 nm)/Al203 (1 .8 
nm)/CoFePt (13 nm)/Ta (5 nm). 
45 [01 77] The magnetoresistive cun/es of the samples A5 and 85 are shown in FIG. 33. The sample A5 has 28% of an 
MR change by a low magnetic field of 29 Oe. and the sample B5 has 27% of an MR change by a low magnetic field 
of 39 Oe. 

[0178] FIG. 34 shows applied voltage dependency of the MR change for the samples A5= 85 and C5. Here, the MR 
change normalized by the value at OV is shown in the drawing. The drawing exhibits that the samples A5 and B5 have 
a higher voltage of V^/g at which the MR change is reduced to half, and a lower reduction in the MR change with 
increased voltage, compared to the sample C5. 
[0179] Next, the samples A5. B5. D5 and E5 were put in a solenoid coil, and fatigue tests of the magnetization pinned 
layer in a magnetically recorded state were conducted in a pulse magnetic field of 70 Oe. FIG. 35 shows relationships 
between the reversal cycles and the output voltage of the pulse magnetic field for the samples A5, 85, D5 and E5. 
55 Here, the output voltage is normalized with the initial output voltag . As clearly shown in the drawing, the output voltage 
is remarkably reduced with increase in the rev rsal cycles of th pulse magnetic field, in th cas of the sample E5. 
In the case of D5 shows a tendency to cause much more fatigu as the lower junction area is reduced. It is assumed 
to be a reason that the smaller area causes deterioration of the upper magnetization pinned lay r by process damage 
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and the like. On the other hand, there is found no fatigue in the magnetization pinn d layer in a magnetically recorded 
state in the case of the samples A5 and B5. Thus, it is evident that it is advantageous to have a structure with the upper 
antiferromagnetic layer as a part of bit lines as shown in FIG. 32. 

[0180] It is evident from the above that the ferromagnetic double tunnel junction element having a structure shown 
in FIG. 32 shows suitable characteristics for applications to, especially, a magnetic memory device. 
[0181] When SiOa, AIN, MgO. LaAlOa, or CaFg was used for the dielectric layer, the similar tendency to the above 
was found. 

Embodiment 6 

[0182] A ferromagnetic double tunnel junction element having a basic structure shown in FIGS. 1 to 4 was made on 
an Si/SiOg substrate or an SiOg substrate, in a similar manner to those of the Embodiments 1 to 4. The stacked 
structures of the above elements are shown in Table 1 . Here, any one of Ta, Ti. Ti/Pt, Pt, Ti/Pd, Ta/Pt, Ta/Pd, and TiNx 
was used for the underlayer and the protective layer. 

[0183] For the above samples, voltage of V-,/2 at which the MR change is reduced to half, and a ratio of the output 
at 10000 reversal cycles and the initial output of#ie free layer (magnetic recording layer) are shown in Table 1. Any 
samples have a higher MR change and a lower reduction in the MR change with increased voltage, compared to those 
of the ferromagnetic single tunnel junction element. Moreover, there is little reduction in the output voltage, and less 
fatigue with repeated magnetization reversal of the free layer (magnetic recording layer). 

[01 84] Thus, it is evident that the above elements show suitable characteristics for applications to a magneloresistive 
head, a sensor, and a magnetic memory device. 
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[0185] Note that, in the present invention, atomic cJiffusion and nnixing between layers may be caused. For example, 
under strong spattering, it is thought that the atomic diffusion may be caused betwe n a NIFe alloy layer and a Co- 
based alloy layer, or between these layers and a nonmagnetic lay r or an antiferromagnetic layer In addition, it is 
assumed that the similar atomic diffusion may be caused by heat treatment, depending on the temperature and time. 
If constituent materials for ach layer show required magnetic characteristics in the present invention even if such 
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atomic diffusion is caused and are included in tine materials defined in the invention, they may be included in the scope 
of the present invention. 

Embodiment 7 

5 

[0186] An embodiment, where three kinds of ferromagnetic double tunnel junction elements (sample T1. T2 andT3), 
having different thickness of the free layer, with a structure shown in FIG. 1 were made on a Si/Si02 substrate or Si02 
substrate, will be described below. 

[0187] The sample T1 has a structure sequentially stacked with layers of a TaN underlayer. a first antiterromagn tic 
10 layer of a two-layered film of Fe-Mn/Ni-Fe, a first ferromagnetic layer of CoFe, a first dielectric layer of AI2O3, a second 
ferromagnetic layer of CogFe. a second dielectric layer of AI2O3, a third ferromagnetic layer of CoFe, a second antif- 
erromagnetic layer of a two-layered film of Ni-Fe/Fe-f\/ln, and a Ta protective layer, and the free layer that is the second 
ferromagnetic layer of CogFe is 2.5 nm thick. 

[0188] The sample T1 was made as follows. The substrate was put into a sputtering apparatus. After setting the 
15 initial pressure at 1 x IQ-'^ Torr, Ar was introduced into the apparatus and the pressure was set at a predetermined 
value. Then, layers of Ta (5 nm)/Fe54Mn46 (20 nmyNigFeg (5 nm)/CoFe (3 nmyAlaOg (1.7 nmyCogFe (2.5 nmyAlgOa 
(2 nmyCoFe (3 nmyNigFeg (5 nm)/Fe54Mn46 (20 nm)/Ta (5 nm) were sequentially stacked on the substrate. Here, the 
AI2O3 layer was formed by depositing Al using an Al target in pure Ar gas, by introducing oxygen into the apparatus 
without breaking the vacuume, and then by exposing It to the plasma oxygen. 
20 [0189] After deposition of the above stacked film, a resist pattern defining a lower wire shape with a width of 1 00 |im 
was formed on the uppermost Ta protective layer by photolithography, and the above film was processed by ion milling. 
[0190] Then, alter removal of the resist pattern, a Ti hard mask defining a junction dimensions was formed on the 
uppermost Ta protective layer by photolithography and RIE (reactive ion etching), and the layers of Co^Fe /AI2O3 /CoFe 
/|sjj_Fe /Fe-Mn /Ta above the first AI2O3 layer were processed by ion milling. The junction widthes were variously 
25 changed by the above process. The EB lithography was used for fabricating elements with a junction width 1 yim or 
less. After forming the resist pattern on the junction region, and deposition of a SiOg layer with a thickness of 300 nm 
by spattering or plasma CVD, the. resist pattern and the SiOg layer on the pattern were lifted off, thereby interlayer 
insulation film was formed on regions except the junction region. 

[0191] Then, after forming a resist pattern covering regions except the region of the electrode wire, the surface was 
30 reverse-spattered and cleaned. After Al was deposited allover the surface, the resist pattern and the Al on the pattern 
were lifted off, thereby the Al electrode wire was formed. Then, after introduction into a heat-treating furnace in the 
magnetic field, the uniaxial anisotropy was introduced to the pinned layer. 

[0192] The sample T2 has a free layer, the second ferromagnetic layer of CogFe. of 7 nm thick, and it was made in 
a similar manner to that of the sample 1 1 . 
35 [0193] The sample T3 has a free layer, the second ferromagnetic layer of CogFe, of 17 nm thick, and it was made 
in a similar manner to that of the sample 11. 

[0194] FIG. 36 shows relationships between junction width of the element and reversal magnetic field of the free 
layer for the samples TI and T2. Here, the horizontal axis is a reciprocal (1/W) of the junction width W. in the drawing. 
As shown in FIG. 36, any of the samples have the more increased reversal magnetic field according to the more 

40 reduced junction width. That is. in the application of the IV/IRAM, there may be the more increased power consumption 
for writing, according to the more reduced junction width. However, in the case of the sample TI having a thin free 
layer the inclination of the straight line is gentle, and the increase of the reversal magnetic field according to the reduced 
junction width may be controlled. On the other hand, in the case of the samples T2 and T3 having a relatively thick 
free layer, the increase of the reversal magnetic field according to the reduced junction width is remarkable, and in the 

45 application of the MRAM, the power consumption tor writing is likely to be remarkably increased. Here, taking up 
elements with a junction width of 0.25 (am (1/W=4) obtained by a current processing technology, the reversal magnetic 
fields will be compared. In the case of the sample TI , the reversal magnetic field Is lower than 1 00 Oe, and further fine 
processing may be realized. On the other hand, in the case of the samples T2 and T3. the reversal magnetic field 
exceeds 100 Oe, and the further fine processing may be difficult, since the power consumption for writing is already 

50 high in the application of the MRAM. 

[0195] FIG. 37 shows applied voltage dependency of the MR change for the samples TI, T2 and T3. Here, the MR 
change normalized by the value at OV is shown in the drawing. In the case of the sample T1 having a thin free layer, 
a bias voltage of V^^g- which the MR change is reduced to half, exceeds 0.9V to control the bias voltage dependency. 
On the other hand, in the case of the sampi s T2 and T3 having a thick f re layer, the bias dep ndency is low compared 

55 to that of a f rromagnetic single tunnel junction element, but the is less than 0.8V. That is. they are clearly inferior 
to the sample TI . 

[01 96] It is evident from FIGS. 36 and 37 that the thinner free layer causes the more controlled increase according 
to finer junction and improvement of the bias voltage dependency. When the thickness of the free layer is 5 nm or less. 
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the reversal magnetic field may b controlled to 100 Oe or less in the case of the element by 0.25 urn rule and the 
bias dependency of the MR change may be improved. However, when the thickness of a free layer becomes less than 
1 nm. the free layer is not made a continuous film, and likely to be a so-called granular structure in which ferromagnetic 
particles are dispersed in adielectric layer. Thus, it may be difficult to control the junction characteristics, and depending 
on the size of the fine particles, they may be in a superparamagnetic state at a room temperature to cause remarkable 
reduction in the MR change. Therefore, the thickness of the free layer may be preferably 1 to 5 nm 



Embodiment 8 



[0197] An embodiment, where an MRAM with a structure shown in FIG. 14 was made on a Si/SiO, substrate SiO, 
was deposited on a Si substrate 151 by plasma CVD. A word line 152 was formed using a damascene process That 
IS. after application of a resist, a resist pattern was formed with photolithography, trenches were processed on the SiO, 
by the RIE, Cu was embedded into the trenches using the plating, and flattening was performed by CMP to form the 
word line 152. Then, a SiOg interlayer insulation film with a thickness of 250 nm was formed on the word line 1 52 bv 
IS plasma CVD. ' 

[0198] The sample was put into a sputtering apparatus. After setting the initial pressure at 1 x lO-s Torr Ar was 
introduced into the apparatus and the pressure was set at a predetermined value. Then, layers of a TaN underlayer/ 
Cu (50 nm)/NieiFe,9 (5 nmyh^Mnj^ (12 nmyCogoFeso (3 nmyAlgOg (1 nmyCOgoFeio (2 nmyNigiFCig (1 nmy 
7>?a nmyCo9oFe,o (2 nmyNigiFeig (1 nmyCo9oFe,o (2 nmyAlsOg (1 nmyCoeoFeao (3 nmyRu 

(0.9 nmyCogoFego/lragMnye (12 nmyNigiFeig (5 nmyAu protection film were stacked on the SiOz interlayer insulation 
film. The AI2O3 layer was formed by depositing Al using an Al target in pure Ar gas. by introducing oxygen into the 
apparatus without breaking the vacuume. and then by exposing it to the plasma oxygen. 

[0199] After deposition of a Si3N4 layer on the above layered film and application of a resist, a resist pattern was 
formed by photolithography to fomi a hard mask defining a metal wire 1 53 by RIE. Then, ion milling was performed to 
process the stacked film. After that, the resist pattern was removed. 

[(«00] Next, the resist was applied, a resist pattern defining a junction dimensions was formed by photolithography 
Then, the films above the first AI2O3 layer were processed by Ion milling, thereby the TMR element was formed All 
the cell size of the TMR elements was set to 0.4 X 0.4 jima. After that, the resist pattern was removed 
[0201] Next, after deposition of an SiOj interlayer insulation film by plasma CVD, the flattening was performed by 
polishing It to a thickness of 250 nm by CMP Cu and an insulation film and Cu were stacked allover the surface A 
S13N4 film was deposited on the stacked film. After application of the resist, a resist pattern was formed by photolithog- 
raphy. After forming a hard mask by RIE. ion milling was performed to form a bit line 154, interlayer insulation layer 
155 and the second word line 156. Then, after introduction into a heat-treating furnace in the magnetic field uniaxial 
anisotropy was introduced to the magnetic recording layer, and unidirectional anisotropy to the magnetization pinned 
35 layer. 

[0202] Writing was performed on the obtained MRAM by the following three methods. 

(1 ) A method in which, while injecting the spin current of 1 mA into the TMR element, current pulses of 10 nsec is 
flowed in the word line 1 52 and the second word line 1 56 to apply a current magnetic field in an easy axis direction 
and hard axis direction of the magnetic recording layer 1 1 5. 

(2) A method in which only injection of the spin current into the TMR element is performed. 

(3) A method in which current pulses of lOnsec is flowed in the word line 152 and the second word line 156 to 
apply a current magnetic field in an easy axis direction and hard axis direction of the magnetic recording layer 115. 

[0203] The current pulse to apply current magnetic field in a hard axis direction of the magnetic recording laver 115 
was set to constantly be 1 0 nsec and 3 mA. 

[0204] The magnetization reversal of the magnetic recording layer 1 1 5 was decided by applying a direct current to 
the TMR cell after writing, and checking whether there was a change in the output voltage 

[020S] In the method of (2) in which only injection of a spin current into the TMR element is performed, there was 
found no magnetization reversal even when the current was increased to 10mA. In the method of (3) in which the 
current magnetic field is applied in the direction of an easy axis and that of a hard axis of the magnetic recording layer 
115, the current for applying the current magnetic field in the easy axis direction of magnetic recording layer 11 5 was 
required to be increased to 4.3 mA to cause the magnetization reversal. 

[0206] On the other hand, according to the method of (1 ). when a current for applying the current magnetic field in 
an easy axis dir ction of the magnetic recording layer 11 5 was incr ased whil injecting a spin current of 1 mA it was 
confirmed that the magnetization reversal of the magn tic recording layer 115 was attained at a current of 2 6 mA 
Moreover, it was found that repeated magnetization reversal of the magnetic recording layer 115 could be attained at 
the above low current, by changing the direction of the current for applying the current magnetic field in an easy axis 



22 




EP 1 085 586 A2 

direction of the magnetic recording layer 115 and that of the spin current flowing in the TMR t nnent. 
[0207] Thus, a suitable structure for injection of the spin current may be realized, and the current flowing in the wire 
for applying a current magnetic field and the current flowing in the TMR element may be reduced, if the structur of 
the MRAM and the writing method according to the present embodiments are used. Therefore, the melting of wire or 
5 the destruction of the tunnel barrier layer may be controlled to improve the reliability even when the wire width and 
the size of TMR element are more reduced with higher density of the MRAM. 

Embodiment 9 

10 [0208] An embodiment, where a magnetoresistive element with a structure shown in FIG. 16 was made, will be 
described. On a thermal oxidized Si substrate 1 51 , an underlayer of Ta (10 nm)/NiFe (10 nm). a first antiferromagnetic 
layer 161 of IrMn (50 nm), a fist ferromagnetic layer 162 of CogFe (1 .5 nm), a first tunnel insulator 163 of AlgOg (1 .5 
nm), a second ferromagnetic layer 164 of CogFe (1.5 nm), a first nonmagnetic layer 165 of Ru (0.8 nm), a third ferro- 
magnetic layer 166 of CogFe (1 .5 nm), a second nonmagnetic layer 167 of Ru (0.8 nm), a ferromagnetic layer 16Bb of 

15 NiFe (2.0 nm), a fourth ferromagnetic layer 168 of CogFe (1.5 nm), a second tunnel insulator 169 of AtgOs (1.5 nm), a 
fifth ferromagnetic layer 170 of CogFe (1.5 nm), and a second antiferromagnetic layer 171 of IrMn (50 nm) were se- 
quentially stacked using a magnetron spattering apparatus. In this element, the second ferromagnetic layer 164, the 
first nonmagnetic layer 165, the third ferromagnetic layer 166. the second nonmagnetic layer 167, the ferromagnetic 
layer 1 68b and the fourth ferromagnetic layer 1 68 constitute the magnetic recording layer 1 72. In the magnetic recording 

20 layer 172, the second and third ferromagnetic layers 164, 166 are antiferromagnetically coupled through the first non- 
magnetic layer 165. and the third and fourth ferromagnetic layers 166 and 168 are antiferromagnetically coupled 
through the second nonmagnetic layer 1 67. The NiFe ferromagnetic layer 168b is provided so that the magnetization 
value MS of the third ferromagnetic layer 166 and the total magnetization values M(2+4) of the second and fourth 
ferromagnetic layers 164 and 168 are made different from each other. 

25 [0209] Alt the films were formed without breaking the vacuume. AI2O3 constituting the first and second tunnel insu- 
lators 1 63 and 169 was formed by plasma oxidation after spattering of Al metal. The underlayer. the first antiferromag- 
netic layer 161 and the first ferromagnetic layer 162 were deposited through a'rnask with an opening having a lower 
wire shape with a width of 1 00 |j.m. Al to be converted to the first tunnel insulator 163 was deposited through a mask 
with an opening having a shape of the junction. Each layer above the first tunnel insulator 163 was deposited through 

30 a mask with an opening having a shape of the upper wire with a width of 1 00 ^im extending in the direction perpendicular 
to the lower wire. In the above processing, the above masks were exchanged in the vacuum chamber. Thus, the junction 
area was made 100 X 100 pim^. The uniaxial anisotropy was introduced in the film surface by applying the magnetic 
field of 100 Oe at deposition 

[0210] It was observed from the measurements of the magnetic resistance for the above magnetoresistive elements. 
35 using the four-terminal method, that- there was 22% of an MR change under a low switching magnetic field of about 
10 Oe, respectively. 

Embodiment 10 

40 [0211] Magnetoresistive elements with smaller junction area than that of the Embodiment 9, and with the similar 
stacked structure to that of the Embodiment 9 by fine processing using the photolithography were made. The area of 
the tunnel junction was made 5X5 j-im^, 1 x 1 |im2. or 0.4 X 0.4 lam^. 

[0212] It was observed from the measurements of the magnetic resistance for the above magnetoresistive elements, 
using the four-terminal method, that there was an MR change under a low switching magnetic field of 12 Oe, 25 Oe. 
45 and 35 Oe, respectively. There was no remarkable increase in the switching magnetic field even under he small junction 
area as shown above. The reason is supposed to be that, the generated diamagnetic field does not depend on the 
element size so much, as layered magnetic films antiferromagnetically coupled are used for the magnetic recording 
layer. 

so 

Claims 

1 . A magnetoresistive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first antiferromagn tic layer (11)/a first ferromagnetic layer (12)/a first dielectric layer (13)/a second 
55 ferromagnetic layer (14)/a second dielectric layer (15)/a third ferromagnetic layer (16)/a second antif rromagn tic 

layer (17); and 

the second ferromagnetic layer (14) consisting of a Co-based alloy or a three-lay red film of a Co-based 
alloy/a Ni-Fe alloy/a Co-based alloy. 
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2. Themagn tor sistiv I ment according to claim 1 . characterized in that a thickness of the Co-based alloy or th 
three-layered film of the Co-based alloyAh Ni-Fe alloy/the Co-based alloy is 1 to 5 nm. 

3. A magnetic memory device, characterized in that memory cells each comprising the magnetoresistive element 
according to claim 1 and a transistor or a diode are array d. 

4. The magnetic memory device according to claim 3. characterized in that at least the uppermost antrferromagnetic 
layer of the magnetoresistive element constitutes a part of a bit line. 



5. A magnetoresistive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first ferromagnetic layer (21 ya first dielectric layer (22)/a second ferromagnetic layer (23)/a first 
antiferromagnetic layer (24)/a third dielectric layer (25)/a second dielectric layer (26)/a fourth ferromagnetic layer 
(27); and 

the first and fourth ferromagnetic layers (2^ , 27) consisting of a Co-based alloy or a three-layered film of a 
'5 Co-based alloy/a Ni-Fe alloy/a Co-based alloy. 

6. The magnetoresistive element according to claim 5, characterized in that a thickness of the Co-based alloy or the 
three-layered film of the Co-based alloyAhe Ni-Fe alloy/the Co-based alloy is 1 to 5 nm. 



7. A magnetic memory device, characterized in that memory cells each comprising the magnetoresistive element 
according to claim 5 and a transistor or a diode are arrayed. 

8. A magnetoresistive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first antiferromagnetic layer (31 )/a first ferromagnetic layer (32)/a first dielectric layer (33)/a second 
ferromagnetic layer (34)/a second antiferromagnetic layer (35)/a third ferromagnetic layer (36)/a second dielectric 
layer (37)/a fourth ferromagnetic layer (38)/a third antiferromagnetic layer (39); and 

the first and fourth ferromagnetic layers (32. 38) or the second and third ferromagnetic layers (34, 36) con- 
sisting of a Co-based alloy or a three-layered film of a Co-based alloy/a Ni-Fe alloy/a Co-based alloy. 

9. The magnetoresistive element according to claim 8. characterized in that a thickness of the Co-based alloy or the 
three-layered film of the Co-based alloyAhe Ni-Fe alloy/the Co-based alloy is 1 to 5 nm. 

10. A magnetic memory device, characterized in that memory cells each comprising the magnetoresistive element 
according to claim 8 and a transistor or a diode are arrayed. 

11. A magnetic memory device according to claim 10. characterized in that at least the uppermost antiferromagnetic 
layer of the magnetoresistive element constitutes a part of a bit line. 

12. A magnetoresistive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first ferromagnetic layer (41)/a first dielectric layer (42)/a second ferromagnetic layer (43)/a first 
nonmagnetic layer (44)/a third ferromagnetic layer (45)/a second nonmagnetic layer (46)/a fourth ferromagnetic 
layer (47)/a second dielectric layer (48)/a fifth ferromagnetic layer (49); 

the second, third and fourth ferromagnetic layers (43. 45, 47) adjacent to each other being antif erromagnetically 
coupled through the nonmagnetic layers; and 

the first and fifth ferromagnetic layers (41 , 49) consisting of a Co-based alloy or a three-layered film of a Co- 
based alloy/a Ni-Fe alloy/a Co-based alloy. 

13. The magnetoresistive element according to claim 12, characterized in that a thickness of the Co-based alloy or 
the three-layered film of the Co-based alloy/the Ni-Fe alloy/the Co-based alloy is 1 to 5 nm. 

14. A magnetic memory device, characterized in that memory cells each comprising the magnetoresistive element 
according to claim 12 and a transistor or a diode are arrayed. 

15. A magnetic memory device characterized by comprising a first magnetization pinned layer whos magnetization 
direction is pinned (103), a first dielectric layer (104), a magnetic recording layer (105) whos magnetization di- 
rection is reversible, a second dielectric layer (106), and a second magnetization pinned layer (107) whose mag- 
netization direction is pinned; 
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the magnetic recording layer (105) connprising a t In ree -layered filnn of a magnetic layer (105a). a nonmagnetic 
layer (105b) and a magnetic layer (105c). the two magnetic layers constituting the thre -layered film being 
anti-ferromagnetically coupled; and 

magnetization directions of the two magnetization pinned layers in regions in contact with the dielectric layer 
5 being substantially anti-parallel to each other 

1 6. A method for writing information to the magnetic memory device according to claim 1 5, characterized by comprising 
steps of: supplying the magnetic recording layer (105) with a spin current through the first or second magnetization 
pinned layer (103, 107); and flowing a current in a wire for writing so as to apply a current magnetic field to the 

10 magnetic recording layer (105). 

17. A magnetic memory device characterized by comprising a first magnetization pinned layer (113) whose magneti- 
zation direction is pinned, a first dielectric layer (114), a magnetic recording layer (115) whose magnetization di- 
rection is reversible, a second dielectric layer (116), and a second magnetization pinned layer (117) whose mag- 

15 netization direction is pinned; 

the magnetic recording layer (115) comprising a three-layered film of a magnetic layer (11 5a). a nonmagnetic 
layer (115b) and a magnetic layer (115c), the two magnetic layers constituting the three-layered film being 
antiferromagnetically coupled; 

20 the second magnetization pinned layer (117) comprising a three-layered film of a magnetic layer (117a). a 

nonmagnetic layer (117b) and a magnetic layer (117c), the two magnetic layers constituting the three-layered 
film being antiferromagnetically coupled; 

a length of the first magnetization pinned layer (113) being formed longer than those of the second magneti- 
zation pinned layer (117) and the magnetic recording layer (115); and 
25 magnetization directions of the two magnetization pinned layers (113, 117) in regions in contact with the die- 

lectric layer being substantially anti-parallel to each other. 

18. A magnetoresistive element characterized by comprising a ferromagnetic double tunnel junction having a stacked 
structure of a first antiferromagnetic layer (161 )/a first ferromagnetic layer (162)/a first tunnel insulator (163)/a 

30 second ferromagnetic layer (164)/a first nonmagnetic layer (165)/a third ferromagnetic layer (166)/a second non- 

magnetic layer (167)/a fourth ferromagnetic layer (168)/a second tunnel insulator {169)/a fifth ferromagnetic layer 
(170)/a second antiferromagnetic layer (171); 

the second and third ferromagnetic layers (164, 166) being antiferromagnetically coupled through a first non- 
35 magnetic layer (165); and 

the third and fourth ferromagnetic layers (166, 168) being antiferromagnetically coupled through a second 
nonmagnetic layer (167). 

19. A magnetic memory device, characterized in that memory cells each comprising the magnetoresistive element 
40 according to claim 1 8 and a transistor or a diode are arrayed. 
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